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SUMMARY

Hybridizations between Musa species and subspecies, enabled by their transport via human migration, were
proposed to have played an important role in banana domestication. We exploited sequencing data of 226
Musaceae accessions, including wild and cultivated accessions, to characterize the inter(sub)specific
hybridization pattern that gave rise to cultivated bananas. We identified 11 genetic pools that contributed
to cultivars, including two contributors of unknown origin. Informative alleles for each of these genetic
pools were pinpointed and used to obtain genome ancestry mosaics of accessions. Diploid and triploid culti-
vars had genome mosaics involving three up to possibly seven contributors. The simplest mosaics were
found for some diploid cultivars from New Guinea, combining three contributors, i.e., banksii and zebrina
representing Musa acuminata subspecies and, more unexpectedly, the New Guinean species Musa schizo-
carpa. Breakpoints of M. schizocarpa introgressions were found to be conserved between New Guinea culti-
vars and the other analyzed diploid and triploid cultivars. This suggests that plants bearing these
M. schizocarpa introgressions were transported from New Guinea and gave rise to currently cultivated
bananas. Many cultivars showed contrasted mosaics with predominant ancestry from their geographical
origin across Southeast Asia to New Guinea. This revealed that further diversification occurred in different
Southeast Asian regions through hybridization with other Musa (sub)species, including two unknown
ancestors that we propose to be M. acuminata ssp. halabanensis and a yet to be characterized M. acuminata
subspecies. These results highlighted a dynamic crop formation process that was initiated in New Guinea,
with subsequent diversification throughout Southeast Asia.

Keywords: genome ancestry, Musa spp., hybridization, domestication, genetic diversity.

INTRODUCTION . .
officinarum] and yams [Dioscorea spp.; Denham

Characterizing the contribution of crop plant progenitors
is important to understand crop domestication, provide
relevant resources for breeding, and inform conservation
strategies. Bananas (Musa spp.) are cultivated through-
out subtropical and tropical regions worldwide, mainly
for their fruits, which can be consumed raw as dessert
bananas or cooked as a starch-rich staple food. They are
one of several crops (including sugarcane [Saccharum

802

et al., 2020) that were domesticated in a region extend-
ing from Southeast Asia (SEA) to Melanesia. In banana,
the main features selected by humans are related to
fruit edibility, i.e., the absence of seeds in the fruit and
the development of pulp-enriched fruits without fertiliza-
tion (parthenocarpy) (Perrier et al., 2011; Simmonds,
1962). Due to their reduced fertility, naturally occurring
vegetative propagation has been used to perpetuate and
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disperse cultivars (Denham et al., 2020; Perrier et al.,
2011).

The genus Musa is divided into two clades. One clade
is comprised of former sections Ingentimusa, Callimusa,
and Australimusa (2n = 14, 18, or 20), and the second clade
is comprised of former sections Eumusa and Rhodochla-
mys (2n = 22) (Hakkinen, 2013; Li et al., 2010). Hybridiza-
tions between several Musa species and subspecies from
the second clade were proposed to have played an impor-
tant role in banana domestication (Perrier et al., 2011;
Simmonds, 1962). One of these species, Musa acuminata
(A genome), is fundamental in the cultivar formation pro-
cess (Simmonds, 1962). It is sometimes combined with
Musa balbisiana (B genome), resulting in a conventional
cultivar classification based on different global genomic
groups (e.g., AA, AAA, AB, AAB, ABB; Baurens et al., 2019,
Cenci et al., 2021, Simmonds & Shepherd, 1955). A third
species, Musa schizocarpa (S genome, 2n = 22) from New
Guinea, was proposed to be involved in a few minor culti-
vars (AS genome) and in East African Highland Bananas
(Carreel et al., 2002; Nemeckova et al., 2018). Fe'i cultivars
found in New Guinea and Polynesia and some rare inter-
specific cultivars are derived from species from the first
clade (former Australimusa section, T genome, 2n = 20;
De Langhe et al., 2009).

The species M. acuminata has diverged into several
subspecies, whose numbers and classification status vary
throughout the literature and databases (Hakkinen &
Vare, 2008; Perrier et al., 2009; Shepherd, 1990; Simmonds,
1962). Different molecular marker analyses have shown the
involvement of the subspecies M. acuminata ssp. banksii
from New Guinea, M. acuminata ssp. zebrina from Java,
and M. acuminata ssp. malaccensis from Malaysia and
Sumatra in the genome of banana cultivars, and minor
contributions of the burmannica group (Boonruangrod
et al., 2008; Boonruangrod et al., 2009; Carreel et al., 2002;
Christelova et al., 2017; Perrier et al., 2009; Sardos, Perrier,
et al., 2016). The burmannica group is comprised of the
three subspecies M. acuminata ssp. burmannicoides,
M. acuminata ssp. burmannica, and M. acuminata ssp.
siamea (Southeast India and Myanmar to Vietnam), which
have been proposed to correspond to one genetic group
(Dupouy et al., 2019; Martin, Cardi, et al., 2020; Perrier
et al., 2009). The described M. acuminata diversity also
includes M. acuminata ssp. truncata (Malaysia), M. acumi-
nata ssp. microcarpa (Borneo), M. acuminata ssp. errans
(Philippines), and several subspecies or botanical varieties
from Indonesia (Hakkinen & Vére, 2008; Nasution, 1989;
Shepherd, 1990). Accessions from the burmannica group,
M. acuminata ssp. malaccensis, M. acuminata ssp. zebrina,
and also M. balbisiana bear different large chromosomal
reciprocal translocations that emerged in these genetic
groups and were transmitted to many cultivars (Martin,
Baurens, et al., 2020; Shepherd, 1999).

© 2022 The Authors.
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Morphological and molecular marker analyses of
banana diversity associated with archeological and linguis-
tic approaches led to a domestication model outlined by
Perrier et al. (2011). It proposes that during the Holocene,
pre-domesticated forms of banana originating from
M. acuminata subspecies have been selected for various
uses and transported by humans out of their natural range
across the New Guinea and SEA region (Kennedy, 2009;
Perrier et al., 2011). Hybridizations with local M. acuminata
subspecies in different contact zones resulted in edible
diploids (Perrier et al., 2011). Disturbed meiotic processes
in these edible diploids, linked to their hybrid status, some-
times resulted in the production of diploid gametes, which
in turn led to the formation of edible triploids. Long-term
and large-scale vegetative propagation of the main
selected cultivars resulted in a secondary diversification
attributed to somaclonal variation (cultivar subgroups).

The observation that some diploid cultivars from
Papua New Guinea (PNG) may be directly derived from
M. acuminata ssp. banksii suggested a different domestica-
tion process on the island of New Guinea, where the
hypothesis of inter(sub)specific hybridization as a main
driving force of banana domestication may not apply
(Sardos, Perrier, et al., 2016; Sardos, Rouard, et al., 2016).

New approaches based on sequencing data were
recently developed to precisely define ancestral contribu-
tions in interspecific hybrids through the characterization
of ancestry mosaics along the genome (Baurens
et al., 2019; Cenci et al., 2021; Martin, Cardi, et al., 2020).

Here, with these approaches, we analyzed whole gen-
ome sequencing data from a large and diverse sample of
wild and cultivated banana to gain further insight into the
genetic make-up of cultivated bananas and their domesti-
cation process. We identified single nucleotide polymor-
phism (SNP) markers that enabled the characterization of
ancestral contributions along banana chromosomes,
including contributions of two unknown ancestors. Phylo-
genetic analysis and screening of publicly available
sequencing data were carried out to better characterize the
two postulated unknown ancestors. The obtained genome
mosaics of cultivars, analyzed in relation to known geo-
graphical origins, shed new light on cultivated banana
domestication and formation processes.

RESULTS

Identifying the ancestral genetic groups that contribute to
cultivars and their informative alleles

We generated DNA sequencing data from 150 Musaceae
accessions and 12 F1 diploid hybrids. High-coverage genome
sequencing data of 25 banana accessions were retrieved from
the National Center for Biotechnology Information (NCBI) to
complement this dataset (Table S1). The diversity sample of
175 accessions (excluding F1 individuals) included 63
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representatives of wild Musa species and subspecies (i.e.,
seedy bananas), 62 diploid and 49 triploid or tetraploid culti-
vars (i.e., parthenocarpic and seedless) representing different
areas of origin or economically important subgroups, and
one outgroup species (Ensete ventricosum).

A total of 42 011 682 biallelic SNP variant sites were
obtained after read mapping on the M. acuminata refer-
ence genome V4 (Belser et al., 2021) and filtration steps.
As segmental aneuploidy can occur in banana accessions
(Breton et al., 2022), coverage information of the SNPs was
used to detect deviations from expected ploidy along chro-
mosomes. A total of 40 accessions had aneuploid regions
(Table S2). Such events may be due to vegetative/in vitro
propagation or structural differences between ancestral
genomes. In one case, triploid accession Lady Finger, an
entire supernumerary chromosome 8 was detected.

The SNPs were used to identify genetic groups con-
tributing to cultivars (i.e., ancestral groups) and their corre-
sponding representative alleles in a four-step procedure
(Figures S1 and S2; Methods S1-S4). This procedure was
set up to take into account the presence of introgressions
in some wild representatives, particularly within M. acumi-
nata, and the implication of unknown ancestors (Martin,
Cardi, et al., 2020).

In a first step, multivariate analysis and allele cluster-
ing were performed with SNPs from representatives of
Musa species and subspecies that were previously
reported to be contributors to different banana cultivars.
This led to the identification of alleles representing six
genetic groups, which we named based on the main (sub)
species from which they were derived: balbisiana (M. bal-
bisiana), schizocarpa (M. schizocarpa), zebrina (M. acumi-
nata ssp. zebrina), malaccensis (M. acuminata ssp.
malaccensis), burmannica (M. acuminata ssp. burmannica,
burmannicoides, and siamea), and banksii (M. acuminata
ssp. banksii, M. acuminata ssp. microcarpa accession
Borneo, and M. acuminata ssp. errans accession Agutay).

In a second step, because the clustering approach
could not be applied to larger numbers of genetic groups,
the potential contribution of the other sampled Musa spe-
cies and subspecies was evaluated with a different
approach. The proportion of alleles present in these acces-
sions but not in the six groups of the first step was calcu-
lated. The analysis of shared proportions of these alleles
among wild and cultivated accessions allowed the identifi-
cation of three additional ancestral groups: Australimusa
(all Australimusa spp.), sumatrana (M. acuminata ssp. or
var. sumatrana, hereafter referred to as ssp. sumatrana),
and truncata (M. acuminata ssp. truncata). No contribu-
tions have been identified from seven Musa spp. (Musa
coccinea, Musa itinerans, Musa ornata, Musa velutina,
Musa sanguinea, Musa rosea, and Musa laterita). In a third
step, a private allele approach was used to identify repre-
sentative alleles, for the three additional ancestral groups,

for E. ventricosum used as outgroup, and to refine the set
of M. balbisiana alleles.

A preliminary analysis of ancestry along chromo-
somes using representative alleles of the nine Musa ances-
tral groups and the outgroup Ensete (chromosome
ancestry painting) was then performed. It showed that
large chromosomal regions not corresponding to aneu-
ploid regions and present in many cultivars and a few
hybrid wild M. acuminata accessions were not assigned to
an ancestral group, thereby supporting the hypothesis of
unknown ancestral contributors (Martin, Cardi, et al.,
2020).

A fourth step thus involved the identification of repre-
sentative alleles for these unknown ancestral groups using
an iterative approach mainly based on three diploid acces-
sions (‘Pisang Jari Buaya’, ‘Pisang Madu’, and ‘EN13’) that
displayed, in the preliminary analysis, chromosome-scale
regions of unknown origin (Method S4; Figure S2). This
led to the identification of ancestry informative alleles from
two unknown ancestries named M_1 and M_2. During this
process, we noted that in contrast to M_1, no sampled
accession showed a complete haploid chromosome set of
M_2 origin.

Ultimately, a total of 6 562 307 alleles representing 12
genetic groups (11 banana ancestral groups and one out-
group) were obtained. They have been used for the deter-
mination of ancestry informative allele ratios along
chromosomes of the studied accessions and for drawing
their chromosome ancestry mosaic. All mosaics are pre-
sented in Figure S3 together with identified aneuploid
regions.

Chromosome ancestry mosaics of wild accessions

Examples of chromosome ancestry mosaics of wild Musa
genetic groups that contributed to cultivar genomes are
presented in Figure 1a in relation to their geographical dis-
tribution. The cumulative proportions of the genome cov-
ered by each ancestry for all wild accessions of these
groups are presented in Figure 1b. Accessions are num-
bered (Table S1) and indicated in between brackets in the
text. Accessions from M. balbisiana or Australimusa spp.
were found homogenous for their respective genetic
groups. Most M. acuminata subspecies and M. schizocarpa
accessions although globally homogenous displayed a few
interspersed small segments of different M. acuminata ori-
gin (e.g., accessions 29, 30, and 37; Figure 1a; Figure S3).
In a few cases, introgressed segments of several mega-
bases have been identified (e.g., 26-28 and 34; Figure 1a,b;
Figure S3). Some segments in (peri)centromeric regions
may be overpredicted due to the complexity of such
regions. The M. acuminata ssp. errans and M. acuminata
ssp. microcarpa accessions (40 and 41; Figure 1b;
Figure S3) showed an expected global banksii origin
with many interspersed small segments from other

© 2022 The Authors.
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Figure 1. Diversity of wild banana genome ancestry in Southeast Asia (SEA) and New Guinea (NG).

(a) Genome mosaics of several wild accessions representing main genetic groups contributing to banana cultivars. i.e., M. acuminata ssp. banksii, M. acuminata
ssp. zebrina, M. acuminata ssp. malaccensis, M. acuminata ssp. burmannica/siamea, M. balbisiana, and M. schizocarpa. Ancestral group contributions are pre-
sented along the 11 Musa reference chromosomes by different colors. The representation is based on non-phased genotyping data. Numbers on the left refer
to: 6-13, M. balbisiana accessions; 18, Pa Rayong; 22, Malaccensis nain; 26, Pisang Segun; 30, Cici Bresil; 29, Pisang Cici Alas ITC0415; 43, Musa schizocarpa
ITC0599; 35, Banksii H09. The outline map was modified from http://www.histgeo.ac-aix-marseille.fr/ancien_site/carto. (b) Cumulative proportions of the genome
covered by each ancestry for each wild accession. The color code is described in the above legend. Numbers at the bottom correspond to accessions listed in
Table S1. (c) Results of schizocarpa/banksii breakpoint analysis for wild accessions. Identified breakpoints are shown on the left. Colored squares indicate pres-

ence of the corresponding breakpoint.

M. acuminata subspecies reflecting some divergence com-
pared to M. acuminata ssp. banksii of New Guinea. The
mosaics of M. acuminata ssp. truncata and M. acuminata
ssp. sumatrana showed large contributions from malac-
censis (45 and 46; Figure 1b). A few wild accessions had a
more complex mosaic resembling cultivars or had mosaics
suggesting that they could be hybrids between subspecies
(e.g., 47-54; Figure 1b). Among them, wild accession
‘EN13’ from Indonesia was hybrid between zebrina and
M_1 (54; Figure 1b).

Chromosome ancestry mosaics of diploid cultivars show
shared ancestries and local diversification patterns

The chromosome ancestry mosaics of diploid cultivars
involved three up to seven predicted ancestries (Figure 2a,
b; Figure S3). A region of origin is known for most diploid

© 2022 The Authors.

cultivars with few exceptions (Table S1), which allows ana-
lyzing ancestry patterns in relation to geographical origin
(Figure 2a,b). Accessions involving the lowest number of
ancestries were six AA cultivars (AAcv) from PNG that
showed a dominant banksii contribution with introgression
from zebrina and schizocarpa (106-111; Figure 2a,b). A
dominant banksii contribution always associated with ze-
brina and schizocarpa introgressions was predicted for
most of the other analyzed AAcv from the New Guinea
region (Figure 2b), together with malaccensis introgres-
sions or combined with malaccensis, M_2, and sometimes
M_1 introgressions. Two accessions from PNG showed
one complete haplotype of schizocarpa origin in addition
to one haplotype of banksii origin with zebrina, malaccen-
sis, and schizocarpa introgressions (112 and 113;
Figure 2a,b; Figure S3).
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Figure 2. Genome ancestry of diploid banana cultivars from New Guinea (NG) and Southeast Asia (SEA).

(a) Genome mosaics of diploid cultivars showing contrasting mosaics in relation to geographical origin. Ancestral group contributions were represented along
the 11 Musa reference chromosomes by different colors. The representation is based on non-phased genotyping data. Cultivars were categorized as SEA, NG,
or East Africa (EAF) based on available prospection information or based on provenance (collections, Table S1). Numbers on the left refer to accessions listed in
Table S1 and present in Figure 2b. The outline map was modified from http://www.histgeo.ac-aix-marseille.fr/ancien_site/carto. (b) Cumulative proportions of
the genome covered by each ancestry for each diploid cultivar accession. NG, New Guinea (Papua New Guinea and Indonesian New Guinea); PHIL, Philippines;
IDN, Indonesia (excluding Indonesian NG); MAL, Malaysia; THA, Thailand; |, India; EAF, East Africa. The color code is described in the above legend. Numbers
at the bottom correspond to accessions listed in Table S1. (c) Results of schizocarpa/banksii (BKS1-BKS7), zebrina/banksii (BKZ1-BKZ4), and balbisiana/banksii
(BKB1 and BKB2) breakpoint analysis for diploid cultivars. Identified breakpoints are shown on the left. Colored squares indicate presence of the corresponding

breakpoint.

Diploid AAcv from SEA (Thailand, Malaysia, Philip-
pines, and Indonesia [excluding the New Guinea part]) gen-
erally showed mosaics with four up to seven origins
(Figure 2a,b). The three ancestries banksii, zebrina, and
schizocarpa were present in all of them except for one
accession, ‘Pisang Jaran’ from Indonesia (82; Figure 1b),
which showed no schizocarpa ancestry. These three ances-
tries were often together with malaccensis and/or M_2,
M_1, and in a few cases burmannica or sumatrana. The

regional features illustrating contributions from local or
geographically close subspecies were observed for SEA
accessions, with a dominant zebrina contribution for a few
accessions from Indonesia (e.g., 82-84; Figure 2a,b), a large
malaccensis contribution in some accessions from Thailand
or Indonesia (e.g., 62-72; Figure 2a,b), and a burmannica
contribution in two accessions from Thailand (61; Figure 2a,
b) and the Philippines (85; Figure 2b). Three diploid acces-
sions from Indonesia (68, 69, and 71; Figure 2a,b) showed a

© 2022 The Authors.
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few regions assigned to sumatrana. The truncata contribu-
tion was limited to very small segments (Figure S3).

The ‘M_1" unknown ancestral group was apparently
present as a complete haplotype in one cultivar from conti-
nental Malaysia (‘Pisang Jari Buaya’, 79) and one from the
island of Borneo (‘Pisang Madu’, 78; Figure 2a,b). A cen-
tromeric region on chromosome 9 was also assigned to
M_1 in several cultivars from different areas (Figure S3).

The M_2 unknown ancestral group contributed large
chromosomal regions in a majority of AAcv from SEA and in
some accessions from New Guinea (Figure 2b). It is also pre-
sent in the Sucrier dessert banana (74, 75, and 89; Figure 2b),
the only globally distributed diploid subgroup (Stover & Sim-
monds, 1987). In contrast, its contribution was more limited
or absent in East African accessions (Mchare subgroup and
Paka, 55-58; Figure 2a,b) and a few AAcv from the Philip-
pines, Malaysia, and Indonesia (Figure 2b).

Finally, AB interspecific cultivars (59 and 60; Figure 2a,
b; Figure S3) thought to be of Indian origin displayed some
A/B recombined chromosomes. Their A genome was pre-
dominantly of malaccensis origin, with large banksii and
zebrina regions and a few schizocarpa introgressions.

Common features and diversity of triploid cultivar mosaics

In contrast to most diploids, triploid cultivars have diffused
in different regions of the world and their geographical ori-
gins are less precisely known. Figure 3a displays the
mosaics of some popular cultivars worldwide or in tropi-
cal/subtropical regions (i.e., Cavendish, Plantains, Pome,
East African Highland Banana, Ney Mannan, Pisang Awak),
which illustrates the diversity of obtained ancestry profiles.
The analysis of ancestral contributions (Figure 3b; Fig-
ure S3) showed that all triploid cultivars involving M.
acuminata (AAA, AAB, ABB, and AAT) had contributions
from banksii, zebrina, and schizocarpa and that some con-
tributors were more dominant in some accessions (Fig-
ure 3b, Figure S3).

The majority of AAA cultivars showed mixed mosaic
profiles with regions of banksii, zebrina, schizocarpa,
malaccensis, M_2, and sometimes M_1 on chromosome 9
(Figure 3b; Figure S3). Commercial Cavendish dessert
banana cultivars came under this category (Figure 3a), in
addition to accessions representing the Ambon (117), Oro-
tava (121), Gros Michel (124), and Red (125 and 126) sub-
groups (Figure 3b; Figure S3).

A dominant zebrina contribution was found for East
African Highland Bananas, also with large banksii regions
and schizocarpa introgressions (132-134; Figure 3a,b),
while a dominant malaccensis contribution was observed
for Ibota (115 and 116; Figure 3b).

The A/B interspecific triploid cultivars showed a global
AAB or ABB structure with some recombined A/B chromo-
somes (Figure 3a; Figure S3). Profiles of mixed or different
dominant ancestries for their A genomes were observed
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(Figure 3b). The A genomes of AAB cultivars representing
the Mysore (137), Pome (141), Nadan (142), and Nendra
Padathti (143) subgroups were mixed, with at least four to
six origins (Figure 3a,b; Figure S3). A dominant banksii con-
tribution with introgressions from zebrina and schizocarpa
was observed for AAB accessions representing Maia Maoli/
Popoulu, which are mainly found in the Pacific Islands (151
and 152; Figure 3b), and for ABB accessions representing
the subgroups Bluggoe, Monthan, Ney Mannan, Saba, and
Pelipita (153-157; Figure 3a,b; Figure S3). A similar profile,
but with additional malaccensis introgression, was obtained
for AAB Plantains, which are major crops in West Africa
(146-149; Figure 3), for Laknao (150) from the Philippines,
and for Iholena (145). Finally, a dominant malaccensis origin
with banksii, zebrina, and schizocarpa regions was
observed for representatives of ABB Pisang Awak (158-160;
Figure 3) and AAB Silk (138-140; Figure 3b).

No major burmannica contributions were predicted in
our set of triploids, and sumatrana regions were found
only in the AAA Indonesian accession ‘Pisang Papan’ (122;
Figure S3).

We also showed that Fe'i cultivars were of homoge-
nous Australimusa ancestry (Figure S3), and the mosaic of
cultivar ‘Karoina’ (161; Figure 3b) revealed an AAT compo-
sition consistent with cytogenetic analysis findings of
(D'Hont et al., 2000) and suggesting hybridization between
an introgressed banksii-rich individual and an Austral-
imusa species.

Musa schizocarpa introgressions are conserved among
cultivars

The observed cultivar genome mosaic patterns suggested
that some breakpoints between segments of different ori-
gins may be shared between accessions. Notable patterns
included several schizocarpa/banksii introgressions in
many cultivars, two banksii/balbisiana recombination
breakpoints on chromosome 9 in some A/B genome
hybrids, and a few banksii/zebrina recombination break-
points in East African AAcv Mchare and some AAcv from
PNG. To validate these observations, the precise position
of several of these recombination breakpoints was deter-
mined and scored.

Seven schizocarpa/banksii breakpoints on chromo-
somes 1, 2, 4, and 9 were selected (BKS1-BKS7; Table 1;
Table S3). The breakpoints were found distributed in 21 to
69 accessions (Figures 1c, 2c, and 3c; Table 1; Table S3).
Each breakpoint was present in at least one of the six PNG
cultivars with the simplest mosaic (106-111; Figure 2; Fig-
ure S4). All cultivars of our sample (excluding Fe'i) had at
least one of these seven breakpoints, with two exceptions:
‘Pisang Jaran’ (82; Figure 2; no schizocarpa introgression)
and ‘IDN110’ (69; Figure 2). The ‘IDN110’ cultivar had only
one M. schizocarpa introgression, present on chromosome
2 and visible in other cultivars from different origins but
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Figure 3. Genome ancestry of triploid banana cultivars.

(a) Contrasting genome ancestry mosaics of some popular triploid banana cultivars. Ancestral group contributions are presented along the 11 Musa reference
chromosomes by different colors. The representation is based on non-phased genotyping data. Banana subgroups are indicated in bold, accession names are
shown in between brackets. Segmental aneuploidy regions are indicated by whitish squares. (b) Cumulative proportions of the genome covered by each ancestry
for each triploid cultivar are presented. Main banana genomic groups are indicated on top. A, M. acuminata; B, M. balbisiana; T, Australimusa. The color code is
described in the above legend. Numbers at the bottom correspond to accessions listed in Table S1. Accessions are mainly triploids, and * indicates tetraploid
accessions Calypso (114) and Pisang Awak (160). (c) Results of schizocarpa/banksii (BKS1-BKS7), zebrina/banksii (BKZ1-BKZ4), and banksii/balbisiana (BKB1 and
BKB2) breakpoint analysis for polyploid cultivars. Identified breakpoints are shown on the left. Colored squares indicate presence of the corresponding breakpoint.
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Table 1 Statistics on the presence of selected breakpoints of M. schizocarpa introgressions

BKS1 BKS2 BKS3 BKS4 BKS5 BKS6 BKS7 No BK_S1_7
Chromosome 1 2 4 4 9 9 9
Nb. of PNG AAcv? (out of six) 5 2 3 1 1 5 3 0
Nb. of other cultivars (out of 105) 45 32 37 29 20 60 66
Nb. of wild accessions (out of 63) 0 1 1 0 0 0 0 61

2AA cultivars with the simplest mosaic content (Gulum, Manameg Red, Papat, Sena, Spiral, Tomolo); BKS, breakpoint of schizocarpa intro-

gression into banksii; Nb., number.

absent from the six cultivars with the simplest mosaic (69;
Figure S3). Two of these breakpoints were also present in
two introgressed wild accessions (Figure 1c).

Four zebrina/banksii breakpoints present in PNG
accessions with the simplest mosaics were also selected.
They were shared between 9 to 21 cultivars (BKZ1-BKZ4;
Figures 2¢ and 3c; Figure S5; Table S3). One of them,
BKZ2, was shared between all six PNG accessions and four
other PNG accessions, two, BKZ1 and BKZ3, were shared
between some of the six PNG accessions and mostly Plan-
tains (146-149), and the fourth one, BKZ4, was shared
between four of the six PNG accessions and 17 other
diploid and triploid cultivars, including AA Mchare (57-58)
and AAA Cavendish (118-120).

Using the same approach, we also validated that the
two banksii/balbisiana breakpoints on chromosome 9 were
shared between eight and nine accessions, respectively,
corresponding to the AB diploid cultivar ‘Kunnan’ (60;
Figure 2c) and accessions representing four AAB sub-
groups (Mysore [137], Silk [139], Nadan [142], and Nendra
Padathti [143]; Figure 3c) and four ABB subgroups (Saba
[153], Ney Mannan [154], Monthan [155], and Bluggoe
[156]; Figure 3c; Figure Sb; Table S3).

Phylogenetic positioning and search for M_1 and M_2

To investigate relationships between the two unknown
contributors M_1 and M_2 and the other ancestral groups
that contributed to cultivars, we performed maximum like-
lihood phylogenetic analysis on one region for each of the
11 reference chromosomes. These regions were those
where M_1 and M_2 haplotypes could be defined and
where either haplotypes or consensuses from wild acces-
sions could be derived from concatenated SNPs.

Four monophyletic groups were identified on all 11
phylogenies (Figure 4; Figure S6). Group | was comprised
of M. coccinea, Musa textilis, Musa lolodensis, Musa
maclayi, and Musa peekelii. Group Il corresponded to
M. balbisiana accessions. Group Il was comprised of
M. ornata, M. velutina, and M. sanguinea. Group IV was
comprised of all accessions from M. acuminata sub-
species, as well as M. schizocarpa, M. rosea, M. laterita,
and haplotypes from unknown contributors M_1 and M_2.
The M. itinerans accession generally branched at the basis

© 2022 The Authors.

of the monophyletic group formed by groups Ill and IV (10/
11 phylogenies).

Within group 1V, accessions from the same (sub)spe-
cies consistently formed monophyletic groups according
to their classification, with the exception of the M. acumi-
nata ssp. malaccensis accession  ‘DB_malaccen-
sis_2012_1154" (Figure S6e,f,j). The M. laterita and M. rosea
accessions formed a monophyletic group that always clus-
tered with the group formed by M. acuminata ssp. bur-
mannica and M. acuminata ssp. siamea accessions. Musa
schizocarpa generally grouped with the remaining
M. acuminata subspecies (10/11 phylogenies). Accessions/
haplotypes of M. acuminata ssp. errans and M. acuminata
ssp. microcarpa ‘Borneo’ were always grouped with
M. acuminata ssp. banksii.

In 10 phylogenies, the haplotype representative of the
M_1 unknown origin (purple in Figure 4) was placed at the
base of a monophyletic group formed by itself and
M. schizocarpa accessions. Musa acuminata ssp. suma-
trana usually clustered at the base of this group (nine phy-
logenies; Figure 4; Figure S6). In 10 phylogenies, the
haplotype representative of the M_2 unknown origin was
placed at the base of a monophyletic group formed by
itself and M. acuminata ssp. zebrina accessions. In one
phylogeny (chromosome 5; Figure S6d), both M_1 and
M_2 haplotypes formed a monophyletic group with
M. schizocarpa accessions as well as M. acuminata ssp.
zebrina and M. acuminata ssp. sumatrana.

The M. acuminata ssp. truncata accession usually
clustered at the base of the group comprised of M. acumi-
nata ssp. banksii, M. acuminata ssp. microcarpa (‘Borneo’),
and M. acuminata ssp. errans (Figure 4; Figure S6). For
one phylogeny on chromosome 10, it clustered at the base
of the group containing M. schizocarpa accessions and the
M_1 haplotype.

We extended our search for M_1 and M_2 wild repre-
sentatives by using low-coverage genome skimming
sequencing data for 39 Musa species or subspecies avail-
able in the NCBI database (Table S1). The analysis of pro-
files of normalized ancestry informative allele ratios
obtained for the 39 accessions suggested that M_1 corre-
sponded to M. acuminata ssp. halabanensis (Figure S7).
No wild representative for M_2 was identified.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), 113, 802-818

85UB017 SUOWIWOD BAITeaID 9|gedi(dde au Ag peusenob ae sejoilie O ‘8sn Jo Sen Joy Aelq i auluQ 48]\ UO (SUOIIPUOD-pUe-SWLBI W00 A8 | 1M Afelq 1 pU1|UO//SANY) SUONIPUCD PUe SWie | 8y} 8es *[£202/20/9T] uo ARigiauluo Aeim ‘osdiq - selu| Ag 9809T  [d)/TTTT OT/I0p/W0d A3 | Akeq 1 puluoy/sdny wo) pepeojumod ‘v ‘€202 ‘XETESIET



810 Guillaume Martin et al.

DYN_ITC1387_Ensete

1 |

DYN222_Musa_coccinea

l'_LIE Group |
1

I— DYNO018_Musa_balbisiana_CMR

B banksii M balbisiana

B malaccensis australimusa

M burmannica sumatrana ,
M zebrina M truncata

schizocarpa M Ensete
B M_1 (M. a. ssp halabanensis)
M2

1
1 1
‘EDYNSM_HSMQ_MMU-M -from-DYN-PP2
1

DYN172_Musa_balbisiana_Lal_Velchi
DYNO049_Musa_balbisiana_Butuhan Group 1l
1r DYN302_Musa_balbisiana_Pisang_Klutuk_Wulung
DYNO019_Musa_balbisiana_Honduras
DB_Musa_itinerans_HN9

1 DYN226_Musa_ornata
A'FYNZZQ_MUSagveIuﬁna Group 1

DYN227_Musa_sanguinea

DYN225_Musa_laterita
DYN_ITC1591_Musa_rosea
DYN_ITC1076_Musa_laterita
DYN263_Pa_Rayong

DYN147_Khae_Phrae
DYN178_Long_Tavoy
DYN_Calcutta_4_F08-H1-from-DYN-F1-061
DYN_Calcutta_4_F08-H2-from-DYN-F1-061

DYN398_M_a_truncata
DYNO040_Borneo-H1-from-DYN-Borli1
DYNO040_Borneo-H2-from-DYN-Borli1
DYN_ITC1028_M_a_errans_Agutay
DYN_ITC0897_banksii
DYN_ITC0464_Higa_ITC0464
DYN_Banksii_H09-H2-from-DYN-F1-048
DYN_Banksii_H09-H1-from-DYN-F1-048
DYN_ITC0885_banksii

DYN113_Hawain_2

DYN Pisang 12-from-DYN-PP2
DYN_ITC0415_Pisang_Cici_Alas
DYNO059_Cici_Bresil
DYN_Maia_Oa_Q10-H2-from-DYN-F1-075
DYN212_Monyet
DYN_Maia_Oa_Q10-H1-from-DYN-F1-075

Group IV

1 DYN262_Pa_Songkhla
1 DYN454_Mal 1sis_nain-H1-from-DYN-MC2

DYN454_Malaccensis_nain-H2-from-DYN-MC2
DYN_ITC1346_Pisang_Karok_391
DYN_ITC1349_Pisang_serun_400
DYN319_Pisang_Segun
DYN_Pahang_B07-H1-from-DYN-F1-048
DYN_ITC0609_Pahang
DYN_ITC1348_Pisang_serun_404
DB_malaccensis_2012_1154

DYN363_Selangor

Figure 4. Maximum likelihood phylogenetic tree of Musa haplotypes corresponding to reference chromosome 2.

Phylogenetic analysis was performed using PHYML v3.1 on consensus or haplotypes of different accessions, reconstructed from concatenated polymorphous
sites and involving a region of chromosome 2 of approximately 4.48 Mb, with a total of 123 896 polymorphic sites. Branch support was estimated with the ‘ap-
proximate Bayes branch supports’ algorithm of PHYML v3.1 and rounded to three decimals. Colors correspond to ancestral origins contributing to cultivated
bananas as determined via chromosome painting. Main phylogenetic clusters are indicated on the right. Some haplotypes were derived using parent-child trios

with the F1 name indicated in the labels. The tree was rooted on Ensete.

DISCUSSION

Multiple and unknown wild ancestral contributors to
cultivated bananas

We analyzed a sample of 175 Musaceae accessions in
which we identified 11 genetic groups that contributed to
banana cultivars. Previous studies had already identified
M. acuminata ssp. banksii, M. acuminata ssp. zebrina,

M. acuminata ssp. malaccensis, M. acuminata ssp. bur-
mannica, M. balbisiana, and, in a few cases, Australimusa
and M. schizocarpa as contributors to cultivar genomes
(e.g., Boonruangrod et al., 2008, Boonruangrod et al., 2009,
Carreel et al., 2002, Perrier et al., 2009, Simmonds & Shep-
herd, 1955). The contribution of the species M. schizocarpa
was until now thought to be restricted to a few AS cultivars
(Carreel et al., 1994) and suspected to be present in East
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African highland bananas (Nemeckova et al., 2018). We
showed here that M. schizocarpa was a contributor to all
cultivars. The only exception, ‘Pisang Jaran’, is quite seedy
(https://www.crop-diversity.org/mgis) and thus may be
considered as a non-typical cultivar. To these groups, we
also added the contributions of two unknown ancestries,
M_1 and M_2, one of which we identified as M. acuminata
ssp. halabanensis, and identified local sumatrana and pos-
sibly truncata contributions.

The informative alleles of these 11 genetic groups
allowed precise evaluation of their contributions to culti-
vated banana genomes. They also revealed the presence
of introgressions in wild (seedy) individuals, particularly
within M. acuminata, which may be remnants of hybridiza-
tions between geographically close or introduced sub-
species (e.g., Rouard et al., 2018) or may have resulted
from gene flow from partially fertile cultivars.

For two ancestral groups, i.e., banksii and burman-
nica, the representative alleles were identified from
accessions morphologically described as belonging to
several M. acuminata subspecies. The close relationship
between M. acuminata ssp. burmannica, M. acuminata
ssp. burmannicoides, and M. acuminata ssp. siamea
forming the burmannica ancestral group was supported
by our phylogeny results and previous research (Boon-
ruangrod et al., 2009; Christelova et al., 2017; Dupouy
et al, 2019; Martin, Cardi, et al, 2020; Perrier
et al., 2009). This genetic group was also found to be
phylogenetically related to M. laterita and M. rosea,
which was in line with the geographical distribution of
these species (Janssens et al., 2016). The phylogenetic
analysis also supported the close relationships between
M. acuminata ssp. banksii, M. acuminata ssp. microcarpa
accession ‘Borneo’, and M. acuminata ssp. errans acces-
sion ‘Agutay’ forming our banksii ancestral group.
Recently, a common genetic background was suggested
between these three subspecies with, however, some
variability specific to M. acuminata ssp. errans/M. acumi-
nata ssp. microcarpa that may have contributed to culti-
vars (Sardos et al., 2022).

The subspecies M. acuminata ssp. sumatrana and
M. acuminata ssp. truncata were, each, only represented
by one individual from Northwestern Sumatra and the
Malay Peninsula, respectively. These areas are close to that
of M. acuminata ssp. malaccensis. Their mosaics sug-
gested that they might have been introgressed by
M. acuminata ssp. malaccensis or are more related to this
subspecies. The phylogenetic analysis did not help clarify
their relationships and will require a larger sample.

We previously proposed that two unknown ancestral
groups contributed to banana cultivars (Martin, Cardi,
et al., 2020). Further studies based on ribosomal DNA poly-
morphism (Jeensae et al., 2021) or global population struc-
ture approaches (Sardos et al., 2022) supported this
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assumption. We postulated two ancestors of unknown ori-
gin, i.e., M_1 and M_2, based on the most parsimonious
interpretation of the observed mosaic profiles in our itera-
tive approach to identify informative alleles for unknown
ancestors. The M_1 and particularly M_2 ancestral groups
explained the origin of a majority of chromosomal seg-
ments not attributed to the nine groups of known origin in
cultivars. However, the origins of a few chromosomal seg-
ments could not be determined, particularly in accessions
of a dominant malaccensis, zebrina, or M_2 origin. Some
might originate from more divergent forms of these con-
tributors, while others could correspond to M_2 regions
not represented in the sample used to determine M_2
alleles.

Phylogenetic analysis suggested a close relationship
between M_1 and two geographically distant groups
M. schizocarpa (PNG) and M. acuminata ssp. sumatrana
(Sumatra, Indonesia). The analysis of low-coverage
sequencing samples from public databases suggested that
M_1 corresponded to M. acuminata ssp. halabanensis. This
wild banana was described in Sumatra (Hotta, 1989; Mei-
jer, 1961; Nasution, 1989) and was accepted as an
M. acuminata subspecies (Hakkinen & Vare, 2008). It was
recently proposed to be present in cultivar ‘Pisang Jari
Buaya’ (Ahmad, 2021). The identification of M. acuminata
ssp. halabanensis as representative for M_1 validates the
hypothesis that M_1 represents a single genetic pool and
demonstrates the contribution of additional wild Musa to
the formation of cultivars.

The M_2 contributor was present in many cultivars,
particularly accessions from SEA. Alleles representing
M_2 were defined with different accessions based on
chromosomal regions that were often, but not always,
overlapping. The consistency of 10 out of 11 phyloge-
nies that grouped M_2 haplotypes close to M. acuminata
ssp. zebrina (from Java, Indonesia) supports the hypoth-
esis that M_2 is a single missing genetic group. A large
reciprocal translocation involving chromosomes 1 and 7
was previously identified in cultivar ‘Pisang Madu’
(Martin, Cardi, et al., 2020), which bears both M_1 and
M_2 contributions for these chromosomes. Comparing
the distribution of this 1/7 translocation in cultivars
(Martin, Baurens, et al., 2020) in relation to the observed
genome mosaics supports an M_2 origin for this translo-
cation.

In Indonesia, 15 morphological types were described
as botanical varieties of M. acuminata (Nasution, 1989;
Nasution 1991; Pollefeys et al., 2004), some of which are
generally considered to be subspecies (malaccensis,
zebrina, microcarpa, halabanensis). The substantial genetic
diversity of M. acuminata in this area has been confirmed
by molecular marker analysis (Poerba et al., 2019). The
central zone of Musa diversity is thus a good starting point
to look for the M_2 ancestor.
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A complex inter(sub)specific hybrid origin of banana
cultivars involving core and local contributors

The genome mosaics results demonstrated the complex
inter(sub)specific hybrid origins of all sampled cultivars
involving at least three to seven ancestries. The only
exception concerned Fe'i cultivars, which were found to be
solely derived from Australimusa ancestry. Their possible
hybrid status within this genetic group has yet to be inves-
tigated.

We found that the three ancestries banksii, schizo-
carpa, and zebrina were present in all of the other sampled
cultivars (except ‘Pisang Jaran’) and thus can be considered
as a ‘core’ contribution to cultivated bananas. The banksii,
zebrina, schizocarpa, and malaccensis genetic groups were
also found to be dominant ancestral contributions in culti-
vars from regions where these wild species or subspecies
are present. For example, the increased malaccensis contri-
butions in some cultivars from SEA were consistent with
the M. acuminata ssp. malaccensis distribution from the
Malay Peninsula to Sumatra. This consistency was also
observed for major contributions of banksii and schizocarpa
in New Guinea or zebrina in Indonesia. Contributions of bur-
mannica were also in line with the cultivar origins, but were
limited in number, as previously noted with samples of sim-
ilar diversity (Perrier et al., 2009). Musa acuminata ssp.
sumatrana and M. acuminata ssp. truncata contributions
may have occurred locally, in a limited fashion.

The M. acuminata ssp. halabanensis (M_1 ancestry)
contribution did not seem widespread in sampled cultivars
and may have only occurred in a few Indonesian or Malay-
sian cultivars. The halabanensis origin assigned to the
(peri)centromeric region of chromosome 9 in several culti-
vars will need confirmation due to the more limited num-
ber of markers and/or possible halabanensis
overprediction in this region. In contrast, M_2 was a major
contributor to different banana cultivars, including those
producing dessert bananas such as Cavendish, which
accounts for around half of the current world banana pro-
duction, as well as its predecessor Gros Michel, which was
almost completely wiped out by Fusarium wilt. Many culti-
vars used as dessert bananas (e.g., Sucrier, Cavendish,
Gros Michel, Ambon, Mysore, and Pome) had mixed
mosaics with large malaccensis and often M_2 regions, in
addition to the ‘core’ contributors. Recently, a quantitative
trait locus contributing to banana pulp acidity was located
on one haplotype of M_2 origin in ‘Pisang Madu’ (Biabiany
et al., 2022). This suggests that M_2 could be an important
contributor to fruit quality traits in dessert cultivars such as
Cavendish.

Different types of A/B interspecific triploid cultivars,
mainly belonging to the starchy banana subgroups Plan-
tain, lholena, Maia Maoli, Popoulou, Laknau, Bluggoe, Ney
Mannan, and Monthan, were previously predicted to be

derived from M. acuminata ssp. banksii for their A genome
(Hippolyte et al., 2012; Lebot et al., 1993; Perrier
et al., 2009). We found that their A genomes were more
complex than expected and quite similar to those of
diploid banksii-rich New Guinea hybrid cultivars. This sup-
ports the use of such diploids in Plantain and starchy
banana breeding programs.

Finally, recombination between A and B genomes was
visible in almost all of the analyzed A/B interspecific
hybrids, thus confirming that there were several interspeci-
fic hybridization steps at their origin, as previously sug-
gested (Baurens et al., 2019; Cenci et al., 2021; De Langhe
et al., 2010). The conserved A/B recombination breakpoints
observed for some accessions representing different sub-
groups (Kunnan, Nadan, Nendra Padaththi, Silk, Mysore,
Bluggoe, Monthan, Ney Mannan, and Saba) indicated a
shared origin of these accessions. This is in line with the
proposed common region of origin of these subgroups in
India (De Langhe et al., 2010; Stover & Simmonds, 1987)
and illustrates shared pedigree relationships between
some cultivars.

In general, the observed mosaics together with avail-
able geographical information suggest that banana culti-
vars bear core ancestral contributors but also went
through a diversification process in different regions, by
hybridizations/introgressions with local wild genetic pools.

Widespread and shared M. schizocarpa introgressions in
cultivated banana suggest a common origin in New
Guinea

Previous molecular marker studies have identified a pool
of AA cultivars from PNG that were closely related to
M. acuminata ssp. banksii (Carreel et al., 2002; Perrier
et al., 2009; Sardos, Perrier, et al., 2016), supporting the
idea that this subspecies had a pivotal role in banana
domestication, while suggesting that domestication in
New Guinea might not have been based on inter(sub)
specific hybridization (Carreel et al., 2002; Sardos, Perrier,
et al., 2016). Our ancestry analysis at the chromosome
level brought more precise information on AAcv from
PNG. We found that the cultivars with the simplest
mosaics were indeed from PNG and displayed a major
banksii contribution. However, this banksii contribution
was always accompanied by introgressed regions from
schizocarpa. Musa acuminata ssp. banksii and M. schizo-
carpa are sympatric in PNG (Argent, 1976; Arnaud &
Horry, 1997). Both were described as preferentially autoga-
mous, but natural hybrids between them were observed
(Argent, 1976; Eyland et al., 2020) and confirmed in molec-
ular studies (Carreel et al., 2002). We showed that several
schizocarpa introgression breakpoints into banksii were
shared between New Guinea accessions and all of the
diploid and polyploid cultivars of our sample, but with one
exception. This indicates that individuals bearing these
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schizocarpa/banksii breakpoints are common ancestors to
current cultivars. In addition, since M. schizocarpa has not
been reported outside of New Guinea, this suggests that
schizocarpa introgressions into banksii occurred on the
island of New Guinea and that the resulting introgressed
individuals were selected by humans in the New Guinea
region, were transported across SEA, and gave rise to cur-
rent cultivars.

In addition to schizocarpa, the New Guinea acces-
sions we analyzed also always had introgressions from
zebrina. It is unclear whether introgressions of M. acumi-
nata ssp. zebrina, native to the island of Java, directly
occurred in New Guinea. Movements of populations in
the Wallacea and New Guinea area during the Holocene
(Donohue & Denham, 2009; Pedro et al., 2020; Soares
et al., 2011) favored plant exchanges in the area, and
these may have included M. acuminata ssp. zebrina,
which has a high ornamental value. Yet cultivars result-
ing from hybridizations between banksii/schizocarpa early
cultivars and zebrina in Indonesia could have been
brought back to New Guinea.

Archeological investigations at the Kuk Swamp site
in PNG suggested that bananas were intensively culti-
vated there at least 6950 to 6440 years ago (Denham
et al., 2003). In addition, Mchare and Plantain cultivars
are believed to have been transported from the SEA-
New Guinea region to Africa in a proposed time frame of
1000 to 3000 years ago, depending on evidence and
sources (Grimaldi et al., 2022; Perrier et al., 2019). The
conserved schizocarpa/banksii and zebrina/banksii break-
points between some PNG diploid cultivars and Mchare
or Plantains cultivars suggest that introgression events
associated with these breakpoints took place at least
1000 years ago.

The fact that the simplest mosaics were found in
diploid cultivars from New Guinea, that they involved two
contributors originating from New Guinea (banksii and
schizocarpa) that were core contributors to banana culti-
vars, and that banksii/schizocarpa introgression break-
points were shared between these simplest diploid
cultivars and with the other cultivars leads us to propose
that banana domestication was initiated in the New Guinea
region.

This domestication process was based on interspecific
hybridizations involving banksii, schizocarpa, and poten-
tially zebrina ancestral groups. The fertility of hybrids
between banksii and schizocarpa (and zebrina) must have
been sufficient to allow backcrosses with M. acuminata
ssp. banksii, resulting in the observed introgression pat-
terns in the PNG accessions. Such introgression events
may have been rare and/or particular hybrids may have
been selected by humans for their traits of interest, thereby
explaining the shared introgression patterns. Inter(sub)
specific hybridizations may have disrupted finely regulated
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fertility and fruit development mechanisms, resulting in
parthenocarpic banana fruit, as proposed for natural
sources of parthenocarpy in tomato (Solanum lycoper-
sicum) (Picarella & Mazzucato, 2018). Some resulting indi-
viduals bearing more pulp-rich edible fruits were selected,
disseminated, and transported westwards. Further diversi-
fication occurred thanks to residual fertility, along diffusion
paths in SEA, through hybridizations involving local Musa
individuals, i.e., wild or selected for various uses. These
hybridizations, combining multiple ancestries and accom-
panied by polyploidization, resulted in diverse diploid and
triploid cultivars. Further movements of wild Musa or of
partially fertile hybrids from SEA regions towards New
Guinea might explain the introgressions of Western origin
in banksii-rich New Guinea cultivars.

Our approach revealed more complex banana cultivar
origins than previously thought with at least 11 genetic
groups involved and several crossing steps. Yet shared
recombination breakpoints between cultivars of diverse
origins suggest that initially a rather limited number of
successful combinations from New Guinea was dissemi-
nated, thereby participating in the formation of the current
pool of cultivars.

These findings and resulting hypotheses are impor-
tant to help broaden or more precisely target useful breed-
ing resources. Identifying the M_2 unknown ancestor will
be essential in that respect.

EXPERIMENTAL PROCEDURES
Plant material and sequencing

A set of 226 Musaceae accessions was used for this analysis
(Table S1). It included 111 accessions from the Guadeloupe CIRAD
field collection hosted by CRB Plantes Tropicales Antilles CIRAD-
INRAe (http://crbtropicaux.com/Portail) and 37 accessions from the
in vitro Bioversity International Transit Center in Leuven (Belgium)
(https://www.bioversityinternational.org/banana-genebank). DNA
from two accessions was provided by X. Perrier (CIRAD) from
material described in (Perrier et al., 2019). The 12 F1 individuals
were provided by the CIRAD banana breeding platform in Guade-
loupe. For these 162 individuals, total DNA was sequenced using
an lllumina HiSeq 4000 platform at Genoscope (https://jacob.cea.
fr/drf/ifrancoisjacob/english/Pages/Departments/Genoscope.aspx),
except for one accession for which DNA was processed with the
Dovetail™ Hi-C protocol and sequenced using HiSegX at Dovetail
Genomics (https://dovetailgenomics.com/). For 64 additional
accessions, whole genome sequencing data were collected from
the NCBI public database (Table S1), including 39 accessions with
low sequencing coverage that we only used to search for wild
representatives of ancestries of unknown origins (Table S1).

Reads were quality-filtered and adapters were removed using
Cutadapt (Martin, 2011). Quality filtering and adapter removal
were already performed for reads provided by Genoscope.

Variant calling and vcf filtration

Variant calling was performed using M. acuminata reference
sequence V4 (Belser et al., 2021) using the vcfhunter toolbox
(https://github.com/SouthGreenPlatform/VcfHunter) as described
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in (Baurens et al., 2019) for whole genome sequencing reads. The
vcf file was filtered to remove variant sites found on annotated
transposable elements and also on tandem repeats identified by
Mreps (Kolpakov et al., 2003). Biallelic sites with no insertions/
deletions (Indels) were selected from the resulting vcf file. In addi-
tion, for each accession, sites supported by less than 10 reads or
more than 1000 reads and heterozygous sites with alleles sup-
ported by less than three reads or less than 10% reads were con-
verted to missing data.

Detection of aneuploidy

To detect large Indels or potential aneuploidy, the SNP coverage
was plotted for each position in the vcf file along chromosomes of
M. acuminata reference sequence V4 (Belser et al., 2021) using
vcf2allPropAndCov.py and vcf2allPropAndCovByChr.py from the
vef  toolbox (https://github.com/SouthGreenPlatform/VcfHunter)
(Baurens et al., 2019). The size of large regions showing dosage
change was estimated visually based on the graphical representa-
tion. The most common event was a 4-Mb duplication in the peri-
centromeric region of chromosome 8 that was shared by 23
accessions and considered as a single event (Table S2). Thus, a
total of 21 deletions (estimated size range 0.1-25 Mb, average
8.3 Mb) and 10 duplications (estimated size range 0.1-4 Mb, aver-
age 3.8 Mb) were identified. One accession (Lady Finger) showed
one entire supernumerary chromosome 8. Of the aneuploid seg-
ments, 14 were at least partly located in the pericentromeric
regions of chromosomes (defined as a 10-Mb region centered on
the average location of the centromeric repeat Nanica). Only the
aneuploidy of the complete chromosome 8 in Lady Finger was
considered for final chromosome painting. Large aneuploid seg-
ments are indicated with shaded boxes on the final painting repre-
sentations (Figure S3) and the genome mosaic interpretation in
these regions should be based on allele ratio profiles.

Identification of ancestry informative alleles

The process of identification of ancestry informative alleles is
summarized in Figures S1 and S2 and detailed in Supplementary
Information files (Methods S1-S4; Tables SM1-SM13; Figures
SM1-SM11). The first step (Figure S1; Method S1) was to identify
specific alleles from predicted Musa contributors: M. balbisiana,
M. schizocarpa, and M. acuminata subspecies (i.e., ssp. banksii,
ssp. errans, ssp. microcarpa ‘Borneo’, ssp. burmannicoides, ssp.
burmannica, ssp. siamea, ssp. malaccensis, and ssp. zebrina). As
wild accessions can be introgressed (Martin, Cardi, et al., 2020), it
was necessary to select the most homogenous representatives.
For this, private alleles of the most homozygous and the second
most homozygous accession of each genetic group were identi-
fied using ldentPrivateAllele.py (i.e., alleles present in the most
homozygous accession and not in members of other groups).
They were independently used to generate local ancestry plots,
representing along chromosomes of each accession normalized
values of the proportion of reads supporting private alleles of
each genetic group. The process was performed using allele_ra-
tio_group.py, allele_ratio_per_acc.py, PaintArp.py, and plot_al-
lele_normalized_mean_ratio_per_acc.py. Selected homogenous
accessions and chromosomes were used to identify informative
alleles using correspondence analysis (CoA) for each of the 11
banana chromosomes and subsequent meanshift allele clustering
(vef2struct.py; Martin, Cardi, et al., 2020). Alleles representing six
genetic groups were obtained (banksii, zebrina, malaccensis, bur-
mannica, M. schizocarpa, and M. balbisiana). The second
step was to search for additional contributors in a larger sample of
wild  Musa species (Figure S1; Method S2). Using

IdentOtherAncestry.py, for each banana accession, two values
were calculated: (i) the proportion of alleles that were not found in
any of the accessions used as ancestors in the multivariate
approach and (ii) the proportion of these alleles present in other
Musa species and M. acuminata subspecies. The third step was to
identify private alleles of identified additional contributors as well
as improving the set of private alleles from M. balbisiana
(Figure S1; Method S3). The process was performed for all genetic
groups using ldentPrivateAllele.py. The level of fixation of private
alleles was estimated as the average of read proportion values
supporting each private allele, calculated in accessions of the cor-
responding genetic group, using allele_ratio_group.py. This added
a set of private alleles for M. acuminata ssp. sumatrana, M. acumi-
nata ssp. truncata, Australimusa, and Ensete as outgroup. For the
M. acuminata subspecies of step one and M. schizocarpa, the alle-
les attributed using the CoA approach were kept because they
introgress each other and thus a private allele approach is not
appropriate. The M. balbisiana alleles that were kept, were those
of the private allele strategy that allowed eliminating basal alleles
shared with Australimusa and Ensete.

Normalized ancestral allele ratios were calculated for each
private allele of the 10 resulting genetic groups in the dataset of
187 individuals and a mean value was calculated on sliding win-
dows of 5601 SNPs (allele_ratio_per_acc.py and PaintArp.py). The
mean normalized ratios along chromosomes were drawn to visu-
alize local ancestry profiles (plot_allele_normalized_mean_ra-
tio_per_acc.py).

In the fourth step, iterative approaches were used to select pri-
vate alleles of the M_1 and then the M_2 unknown contributors
(Figure S2; Method S4). Phased data (haplotypes) used in this pro-
cess were obtained from parent-child trios with PhaselnVcf.py.
Globally, iterations were a three-stage process (Figure S2): (i) iden-
tification and selection of accessions/haplotypes with large regions
of unknown ancestry, (ii) determination of private alleles for M_1 or
M_2 from selected accessions/haplotypes using all defined ances-
tral genetic groups, (iii) the arbitrary attribution or calculation of a
level of allele fixation for the M_1 or M_2 set of alleles, (iv) the cal-
culation of normalized allele ratio profiles on the complete dataset
with all defined ancestral groups, and (v) drawing of ancestry plots
to identify other accessions or parent-child trios that would allow
improvement of the M_1 or M_2 private allele set. The location of
regions with two haplotypes of known origin that could not be used
to identify M_1- or M_2-specific alleles was identified using
DrawRatioDetaillnterractive.py. For M_1, private alleles were first
identified in iteration 1 using ‘Pisang Jari Buaya’ that had a com-
plete haplotype of unknown origin, then in iteration 2 using acces-
sion ‘EN13’, and in iteration 3 using two parent-child trios
involving ‘Pisang Madu’. The final set of M_1 private alleles was
based on all accessions of the three iterations. For M_2, private alle-
les were identified in iteration 1 using ‘Pisang Madu’ haplotypes
from the M_1 iteration 3 step, in iteration 2 they were identified
using five other diploid cultivars with M_2 regions, and in iteration
three they were identified using eight different parent-child trios
that allowed access to M_2 haplotypes. The final set of M_2 private
alleles was based on alleles derived in iteration 3. New scripts
developed to perform this analysis were added to the vcfhunter
toolbox (https://github.com/SouthGreenPlatform/VcfHunter).

Chromosome painting

Identified ancestry informative alleles were used to analyze ances-
tral contributions along chromosomes of the 226 accessions. For
this, representative accessions of ancestral groups have been
used to infer, for each position j corresponding to an informative
allele, the observed proportion A;; of reads supporting an allele
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from an accession i from a given ancestral group k. These values
were used to calculate Py as the mean proportion of reads sup-
porting the given allele observed in the n accessions representa-
tive of the group k that were not introgressed from another group
in this region (Py - 1A;). This was performed using the allele_ra-
tio_group.py script added to vcfhunter toolbox. The Py value was
arbitrarily set to 0.47 or 0.66 for the M_1 origin in regions in which
three or two accessions were used to identify specific alleles of
this origin (Method S4 for detailed calculation). The Pj value was
arbitrarily set to 0.8 for M_2 origins.

The observed proportion of reads (Oj, similar to A;; but for
accessions to be characterized) was then calculated using the
script allele_ratio_per_acc.py. For 187 individuals that did not
show many missing data, data points that showed SNP coverage
equal to or greater than 10 were used. For 39 individuals that were
less covered, data points that showed SNP coverage equal to or
greater than 3 were used.

These proportions were then normalized (N value) for each
j SNP position on sliding windows of 5801 SNPs by dividing, for
each ancestral origin, the sum of proportions of observed ratios
by the sum of the expected ratios:

1=j-2901

The value obtained was generally between 0 and 1 and was con-
sidered as 1 in the rare cases where it exceeded 1. These values
were used to calculate the ancestral contributions to a given posi-
tion in terms of ancestral haplotype composition by calculating
the haplotype composition probabilities based on binomial distri-
butions. Then, as the SNPs were not phased, a minimal number
of recombinations was assumed for each accession and therefore
contiguous regions of the same ancestry were arbitrarily attribu-
ted to one of the homologous chromosomes, resulting in pseudo-
haplotype representations. These steps were performed using the
PaintArp.py script.

Normalized values (Nj;) were visualized along chromosomes
using the plot_allele_normalized_mean_ratio_per_acc.py script.
Deduced pseudo-haplotypes were drawn using the hap-
lo2kar.1.0.py script. Due to low-coverage sequencing, only the nor-
malized mean ratio plots were analyzed for the 39 least-covered
individuals. To summarize mosaic information, cumulative propor-
tions of the genome covered by each ancestry were calculated for
each accession based on reference genome size and global ploidy.

Breakpoint determination

Recombination/introgression  breakpoints, corresponding to
regions along chromosomes where there is a switch between two
distinct ancestral origins, were determined by visual inspection of
graphic representations depicting, for each position with an
assigned ancestral origin, the proportion of reads supporting this
origin in the studied accession. This was done using the
DrawRatioDetaillnterractive.py script with data generated during
the chromosome painting step. A graph was generated for each
origin along each chromosome of the accession. These graphs
showed a succession of clusters of colored dots corresponding to
each origin, the ends of cluster blocks thus locating the position
of recombination regions (Figure S4). By clicking on the first or
the last point of the introgressed block, we obtained breakpoint
coordinates which were then compared between accessions. The
schizocarpa, zebrina, and banksii allele coordinates were noted,
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respectively, for schizocarpa/banksii, zebrina/banksii, and banksii/
balbisiana breakpoints. Described breakpoints were selected
based on their distribution in the sample and on the breakpoint
determination precision.

Phylogenetic analysis of ancestral groups

Phylogenetic analysis was performed using wild representatives
of genetic groups used for genome mosaic determination, acces-
sions representing Ensete and other Musa species, and haplo-
types from parent-child trios. The phylogenetic analysis consisted
of four main steps (detailed in Method S5, Tables SM14 and
SM15, and Figure SM12): (i) Identification for each chromosome
of the largest region in which haplotypes of M_1 and M_2 could
be defined using DrawRatio.py. These M_1 and M_2 regions were
defined in accessions ‘Pisang Madu’ or ‘Manang’. (ii) Identifica-
tion, in selected regions, of introgressions in accessions represen-
tative of genetic groups. (iii) Production of a multifasta file from
the vef with identified non-introgressed accessions and haplo-
types using PhaselnVcfToFasta.2.0.py (Table S4). (iv) Phylogenetic
analysis using PHYML v3.1 (Guindon et al., 2010) with the GTR +
I model (-m GTR -b -5 —-v e —c 4 —a e —s BEST options) and
tree visualization using FigTree v1.4.4 (http://tree.bio.ed.ac.uk/
software/figtree/) with trees manually re-rooted with E. ventrico-
sum and colored using ReformatTree.py. Maximum likelihood
phylogenetic analysis was performed based on chromosomal
regions of 52 to 55 accessions from which representative consen-
sus or haplotypes were reconstructed from concatenated poly-
morphous sites. Regions of 2.5 to 15.0 Mb were used, with a total
of 87 827 to 498 129 sites and between 72 785 and 410 907 poly-
morphic sites (Table S4).
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The vcf file will be available in the Banana Genome Hub
(https://banana-genome-hub.southgreen.fr/gigwa).  Chro-
mosome painting results will be available at https:/gemo.
southgreen.fr/. The vcf file, allele ratio profiles, and chro-
mosome painting results will also be available from
https://banana-genome-hub.southgreen.fr/ in the Down-
load section. The scripts were added to the vcfhunter tool-
box  (https://github.com/SouthGreenPlatform/VcfHunter).
The lllumina reads are available under Bioprojects
PRJEB58004 and PRJEB28077.
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Figure S4. Characterization of interspecific recombination break-
points.

Figure S5. Localization of analyzed M. acuminata ssp. zebrina and
A/B genome recombination breakpoints.

Figure S6. Phylogenetic trees.
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labanensis.
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bisiana-specific alleles.
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Figure SM1. Neighbor joining tree on wild Musa accessions.
Figure SM2. Normalized ratio profiles in three accessions after
allele attribution of known origins.

Figure SM3. Normalized ratio profiles in three accessions after
allele attribution of unknown origin M_1 iteration 1.

Figure SM4. Normalized ratio profiles in three accessions after
allele attribution of unknown origin M_1 iteration 2.

Figure SM5. Detailed normalized ratio profiles in Pisang Madu hap-
lotypes after allele attribution of unknown origin M_1 iteration 2.

Figure SM6. Normalized ratio profiles in 11 accessions after allele
attribution of unknown origin M_1 iteration 3.

Figure SM7. Detailed normalized ratio profiles in Pisang Madu
haplotypes after allele attribution of unknown origin M_1
iteration 3.

Figure SM8. Normalized ratio profiles in six accessions after allele
attribution of unknown origin M_2 iteration 1.

Figure SM9. Detailed normalized ratio profiles in five accessions
after allele attribution of unknown origin M_2 iteration 1.

Figure SM10. Detailed normalized ratio profiles in 26 haplotypes
from parent-child trios after allele attribution of unknown origin
M_2 iteration 2.

Figure SM11. Detailed normalized ratio profiles in Pisang Madu
and haplotypes from parent—child trios after allele attribution of
unknown origin M_2 iteration 3.

Figure SM12. Example of allele ratio painting used to identify
introgression in selected regions for phylogenetic analysis.

Table SM1. Accessions used to select private alleles in order to
identify accessions for the multivariate approach.

Table SM2. List of accessions and chromosomes used for the
identification of group-specific alleles through a multivariate
approach.

Table SM3. Number of alleles per chromosome used for the multi-
variate analysis.

Table SM4. Number of alleles attributed to ancestral groups after
each step of allele attribution.

Table SM5. Global analysis of specific alleles.

Table SM6. Accessions and origins used for the private allele
approach described in Method S3.

Table SM7. Accessions and origins used for identification of
unknown contributor M_1.

Table SM8. Location of regions that could not be used for
unknown contributor M_1 in DYNO78_EN_13_IDNO075.

Table SM9. Location of regions that could not be used for
unknown contributor M_1 allele identification in DYN304_Pisang_-
Madu haplotypes.

Table SM10. Location of regions that could not be used for
unknown contributor M_2 allele identification in DYN304_Pisang_-
Madu haplotypes.

Table SM11. Accessions used for identification of unknown con-
tributor M_2.

Table SM12. Location of regions that could not be used for
unknown contributor M_2 (in five additional accessions).

Table SM13. Location of regions that could not be used for
unknown contributor M_2 (in accessions in which we can access
haplotypes).

Table SM14. Accessions and chromosomes selected for the phylo-
genetic analysis.

Table SM15. Haplotypes used in the phylogenetic analysis accord-
ing to studied chromosomal regions.
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