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Abstract
The accurate identification of hybrid progeny is essential for improving the efficiency of banana (Musa spp.) crossbreeding, yet traditional morphological

methods are time-consuming, unstable, and ineffective for distinguishing hybrids at early developmental stages. In this study, the highly fertile and stress-

tolerant landrace 'Dongguan Dajiao' (Musa × paradisiaca, DGDJ) was used as the maternal parent and crossed with two wild diploid species, Musa acuminata
(XGYJ, AA) and Musa balbisiana (HNYJ, BB), as the paternal parents, producing the progeny lines X1701, X1702, X1931, and X1932. PacBio HiFi sequencing

was performed using the Revio platform, followed by k-mer analysis, genome assembly, and parental read coverage analysis to systematically evaluate the

genome  size,  heterozygosity,  and  genomic  composition  in  both  parents  and  the  progeny.  Flow  cytometry  confirmed  that  the  maternal  parent  DGDJ  is

triploid (3x), the paternal parents XGYJ and HNYJ are diploid (2x), and all four progeny lines are tetraploid (4x). The results revealed that DGDJ possesses a

complex genomic constitution comprising the A, B, and S genomes with a heterozygosity level of 5.77%. All progeny were identified as tetraploids, with

paternal  contributions  ranging  from  approximately  14%  to  17%  and  maternal  inheritance  exceeding  62%,  confirming  their  status  as  true  hybrids.

Collectively,  this  study  establishes  a  k-mer-based  method  for  identifying  banana  hybrid  progeny  using  HiFi  sequencing  data,  offering  critical  technical

support for germplasm innovation and crossbreeding in banana.
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 Introduction
Banana (Musa spp.) belongs to the Musaceae family and the Musa

genus. It is a widely distributed monocotyledonous plant that origi-
nated  in  the  Malay  Archipelago  or  New  Guinea  in  Southeast  Asia
and is mainly cultivated in tropical and subtropical regions[1,2].  As a
large  evergreen  perennial  herbaceous  plant,  banana  is  an  impor-
tant fruit widely consumed throughout the world that is a key food
staple  in  many  countries  and  regions[3,4].  Most  contemporary
banana  cultivars  primarily  derive  from  two  wild  species: M. acumi-
nata Colla  (A  genome)  and M.  balbisiana Colla  (B  genome)  and
hybridization  between  them.  This  interspecific  crossbreeding  has
generated diverse genomic constitutions, including diploids (AA, BB,
AB), triploids (AAA, AAB, ABB), and tetraploids (ABBB, AAAA)[5].

Banana  production  has  long  been  threatened  by  diseases  and
further hindered by a lack of genetic diversity.  Sexual hybridization
is  a  key  breeding  method  for  improving  banana,  which  allows  the
integration of favorable traits from both parents. Depending on the
genetic  distance  between  the  parent  lines,  sexual  hybridization  is
mainly  classified  as  either  interspecific  and  distant  hybridization.
However, breeding banana via hybridization is particularly challeng-
ing  because  of  several  biological  constraints:  The  prevalence  of
polyploidy,  parthenocarpy (seedless  fruit  development),  low pollen
fertility,  asynchronous  flowering  times  among  different  cultivars,
and the clonal propagation of offspring.

Musa × paradisiaca L.,  an  indigenous  cultivar  used  for  fresh
consumption  and  widely  distributed  across  South  China,  is  charac-
terized  by  its  distinctive  rhomboid-shaped  fruit  cross-section.  This
landrace exhibits a rustic growth habit (i.e., low input requirements),
along  with  notable  cold  tolerance  and  resistance  to Fusarium wilt
caused by Fusarium oxysporum f. sp. cubense, reflecting strong over-
all stress resilience. The fruit pulp is soft in texture and contains rela-
tively high levels of soluble sugars and titratable acids, contributing
to  a  unique  sweet–sour  flavor.  However,  its  fruit  quality  remains
significantly  inferior  to  that  of  major  commercial  cultivars  such  as
'Cavendish'  (AAA  genome)  and  'Pisang  Awak'  (ABB  genome).  In
general, M.  × paradisiaca ('Dongguan  Dajiao',  DGDJ)  is  distin-
guished  by  its  excellent  stress  tolerance  but  inferior  flavor  profile.
DGDJ is a triploid (3x) landrace. More importantly, M. × paradisiaca is
capable  of  natural  pollination,  a  trait  rarely  observed  in  cultivated
bananas[6]. Artificial pollination can greatly enhance its fruit set rate,
making  it  a  highly  effective  maternal  parent  in  interspecific  hybri-
dization  breeding  programs  aimed  at  developing  stress-tolerant
banana cultivars.

At present, the identification of banana hybrids and their progeny
primarily  relies  on  morphological  observations[7].  However,  most
morphological  markers  are  controlled  by  multiple  genes  and  are
highly  susceptible  to  environmental  influences,  making  them
unstable  and  unreliable  for  accurate  determination[8].  In  addition,
bananas are large and space-consuming plants,  and morphological
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assessments are both time-consuming and labor-intensive[9].  More-
over,  banana  seedlings  exhibit  limited  morphological  differentia-
tion  at  early  stages,  making  it  difficult  to  distinguish  between
progeny and parental lines, which severely constrains breeding effi-
ciency[10].  DNA-based  identification  methods  for  banana  hybrids
remain limited, with recent reports only on copia-intra-retrotranspo-
son amplified polymorphism (IRAP) markers[11],  internal  transcribed
spacers  (ITS)  sequencing[12],  fluorescence  in  situ  hybridization
(FISH)[13], and random amplified polymorphic DNA (RAPD) [14].

So far, the genomes of several wild banana genotypes, such as M.
acuminata[1], M.  balbisiana[15],  and M.  troglodytarum[16] have  been
successfully  assembled.  These  datasets  provide  the  necessary
resources for a comprehensive genetic background analysis of M.  ×
paradisiaca.  In  this  study,  we  performed  PacBio  HiFi  long-read
sequencing  on  the  parental  lines  and  their  hybrid  progeny  to
systematically  characterize  their  genome  size,  heterozygosity,  and
genomic composition. Our main objectives were to verify the hybrid
status  of  the  progeny,  determine  their  ploidy  levels,  and  elucidate
the parental contributions to their genomes. This approach provides
a  precise  and  efficient  method  for  identifying  banana  hybrids  and
supports germplasm innovation in banana breeding.

 Materials and methods

 Plant material collection, sequencing, and flow
cytometry

The  parental  accessions  used  in  this  study  were  obtained  from
the  banana  germplasm  repository  of  the  South  Subtropical  Crops
Research  Institute,  Chinese  Academy  of  Tropical  Agricultural
Sciences  (CATAS).  XGYJ  (M.  acuminata subsp. malaccensis)  was
collected  from  Xishuangbanna,  Yunnan  Province,  and  HNYJ  (M.
balbisiana)  was  collected  from  Hainan  Province.  DGDJ  is  a  local
landrace  widely  cultivated in  South China.  To  determine the  geno-
mic genotypes of the parental lines, we aligned the HiFi sequencing
reads of XGYJ and HNYJ to a composite reference genome consist-
ing of the A genome of M. acuminata subsp. malaccensis[1] and the B
genome of M. balbisiana[15].  According to the coverage ratios, XGYJ
and  HNYJ  were  confirmed  as  AA  and  BB  genotypes,  respectively,
which  is  consistent  with  their  morphological  classification,  follow-
ing the diagnostic traits of Simmonds and Shepherd[5].

Clean,  uncontaminated  leaf  samples  were  collected  from  all
parental  lines  and  hybrid  progeny.  For  flow  cytometry  analysis,
approximately 0.5 cm2 of fresh leaf tissue was chopped in a nucleic
extraction  buffer,  stained  with  propidium  iodide,  and  analyzed
using  a  CytoFLEX  flow  cytometer  (Beckman  Coulter).  The  ploidy
level  of  each  sample  was  determined  by  comparing  the  fluores-
cence intensity  with that  of  diploid control  samples.  Genomic DNA
was  extracted  using  the  cetyltrimethylammonium  bromide  (CTAB)
method[17],  followed  by  library  construction  and  PacBio  HiFi
sequencing on the Revio platform (PacBio).

 Genome size and heterozygosity estimation
HiFi  sequencing  data  were  analyzed  using  Jellyfish  (v2.3.0)  to

extract the 19-mer frequency spectra.  GenomeScope2 (v2.0)[18] was
subsequently  applied to estimate genome size and heterozygosity.
Briefly,  GenomeScope2  models  the  k-mer  frequency  spectrum  as  a
mixture  of  heterozygous  and  homozygous  k-mers,  from  which  it
infers the genome size, heterozygosity rate, and repeat content. The
ploidy  parameter  (-p)  was  set  according  to  the  ploidy  levels  deter-
mined by flow cytometry as described in the section 'Plant material

collection,  sequencing,  and  flow  cytometry':  p  =  2  for  diploid
samples  (XGYJ  and  HNYJ),  p  =  3  for  the  triploid  maternal  parent
(DGDJ),  and  p  =  4  for  all  hybrid  progeny.  Other  parameters  were
kept as the default. GenomeScope2 provides an initial estimation of
genome  size  and  heterozygosity,  whereas  the  actual  ploidy  levels
were confirmed by flow cytometry, as described in the section 'Plant
material collection, sequencing, and flow cytometry'.

 Genomic assessment of the genotypes
Reference genomes for  the banana A,  B,  S,  and T  genomes were

obtained  from  the  Banana  Genome  Hub  (https://banana-genome-
hub.southgreen.fr), corresponding to M. acuminata (DH-Pahang_v4,
A genome), M. balbisiana (DH-PKW, B genome), M. schizocarpa (v1.0,
S genome), and M. troglodytarum (Fe'i, T genome), respectively. The
A,  B,  S,  and  T  genome  sequences  were  concatenated  to  construct
a  composite  reference  genome  (RGA+B+S+T).  HiFi  sequencing  reads
from the parental lines and progeny were aligned to this composite
reference  using  minimap2  (v2.24)[19] with  the  parameter  '--
secondary=no'.  The  number  of  mapped  reads  and  total  bases
aligned to each subgenome (A, B, S, and T) were calculated to deter-
mine  the  genomic  contribution  ratios.  The  proportion  of  each
subgenome (A, B, S, T) in a sample was calculated as the number of
bases  mapped  to  that  subgenome  divided  by  the  total  number  of
mapped bases, expressed as a percentages, as reported in Table 1.

In  addition,  the  A  and  B  genomes  were  merged  to  generate
another  composite  reference  genome  (RGA+B).  HiFi  sequencing
reads from the parental lines and hybrid progeny were then aligned
to  RGA+B using  minimap2  (v2.24)  with  the  parameter  '--
secondary=no'.  These  alignments  facilitated  the  calculation  and
assessment  of  genomic  genotypes  for  both  parental  and  hybrid
progeny samples.

 Validation of true hybrid progeny
The  analysis  was  performed  following  the  kmerGWAS  method

described  by  Voichek  and  Weigel[20].  The  31-mer  counts  were
extracted from the HiFi sequencing data using KMC (v3.2.3)[21]. All k-
mers from the individual samples were merged and filtered with the
parameters '--mac 1 -p 0'  to retain informative k-mers.  For heritabi-
lity  analysis,  100  million  k-mers  were  randomly  subsampled  from
each hybrid combination. Principal component analysis (PCA) of the
hybrid groups was performed using PLINK (v1.90b6.9)[22].

 Genome assembly
Genome  assemblies  were  generated  using  Hifiasm  (v0.24.0)[23],

with the -l0 parameter. The --n-hap parameter was set to 2, 3, and 4
according  to  the  ploidy  of  each  sample  (diploid  XGYJ  and  HNYJ,
triploid  DGDJ,  and  tetraploid  progeny).  Primary  and  alternative

 

Table 1.  Genotypic proportions of each genome (%).

Sample A (%) B (%) S (%) T (%)

DGDJ 38.39 43.23 14.84 3.54
HNYJ 2.49 90.76 3.04 3.71
X1701 51.31 32.61 13.01 3.07
X1702 52.04 32.53 12.86 2.58
X1931 29.06 56.54 11.63 2.76
X1932 28.78 56.62 11.71 2.88
XGYJ 78.44 3.19 15.24 3.14

Values represent the percentage of bases mapped to each subgenome (A, B, S, T)
relative  to  the  total  mapped  bases  for  each  sample.  The  T  genome  contributed
less than 4% in all samples.
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contigs were merged to create genome assemblies for each sample.
The genome size of each assembly is provided in Table 2.

 Results

 Genome sequencing data statistics and genome
size estimation

This  study  focused  on  two  hybrid  combinations:  XGYJ  ×  DGDJ
and  HNYJ  ×  DGDJ.  Sequencing  of  the  parental  lines  (XGYJ,  HNYJ,
and DGDJ) and their hybrid progeny produced a total of 231 Gb of
HiFi  data,  with  an  average  coverage  depth  of  66×  and  an  average
haplotype coverage of 20× (Supplementary Table S1).

Genome  assessment  of  the  parental  lines  indicated  that  XGYJ,
HNYJ,  and  DGDJ  had  genome  sizes  of  412.1,  427.6,  and  484.8  Mb,
respectively,  with  heterozygosity  levels  of  0.597%,  0.594%,  and
5.77% (Fig. 1, Supplementary Table S2). Among these parental lines,
DGDJ exhibited the highest level of genomic heterozygosity, which

may  be  attributed  to  its  hybrid  nature  incorporating  both  A  and  B
genomes.

X1701  and  X1702,  two  progeny  derived  from  the  DGDJ  cross,
exhibited genome sizes of 422.8 and 416.6 Mb, with heterozygosity
levels of 6.34% and 6.42%, respectively. Similarly, X1931 and X1932,
offspring from the DGDJ cross, displayed genome sizes of 420.1 and
431.6  Mb  and  heterozygosity  levels  of  5.77%  and  5.91%  (Fig.  1,
Supplementary  Table  S2),  respectively.  Genome  size  estimations
performed using GenomeScope2 yielded haploid genome sizes  for
both parental and progeny samples consistently exceeding 400 Mb
(Fig.  1).  It  should be noted that GenomeScope2 estimates the hap-
loid (monoploid) genome size, which corresponds to one complete
set of chromosomes. For tetraploid progeny, the total  genome size
is approximately four times the haploid value (~1.6–2.0 Gb), consis-
tent with the assembly results presented in Table 2.

Flow  cytometry  analysis  was  performed  to  confirm  the  ploidy
levels.  The  relative  fluorescence  intensity  of  DGDJ  was  approxi-
mately 10,000 (triploid, 3x), whereas XGYJ and HNYJ showed intensi-
ties  of  around  6,700  (diploid,  2x).  All  four  hybrid  progeny  (X1701,
X1702, X1931, X1932) exhibited fluorescence intensities of approxi-
mately  13,000,  confirming  their  tetraploid  (4x)  status  (Supplemen-
tary  Table  S3, Supplementary  Fig.  S1).  These  results  are  consistent
with the 3x × 2x hybridization strategy used.

 Genotype of parental lines and hybrid progeny
Hybridization  leads  to  significant  changes  in  the  offspring's

genome. Theoretically,  when the A genome is used as the paternal
parent, the offspring genotype would be AABB; when the B genome
is  used  as  the  paternal  parent,  the  offspring  genotype  would  be

 

Table 2.  Genome statistics of parent and hybrids.

Genome num_seqs sum_len min_len avg_len max_len

DGDJ 14,553 1,947,668,911 7,441 133,832.80 43,112,517
HNYJ 3,863 851,980,049 9,267 220,548.80 27,489,044
XGYJ 8,421 1,117,300,856 8,451 132,680.30 23,313,597
X1701 2,536 1,964,185,925 11,558 774,521.30 41,161,095
X1702 2,428 1,964,474,777 9,408 809,091.80 36,305,017
X1931 5,951 2,005,365,046 12,654 336,979.50 47,283,826
X1932 4,711 1,982,262,728 11,611 420,773.20 25,176,664
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Fig.  1  Assessment genome size  and heterozygosity  of  the parental  lines  and hybrid progeny.  Panels  (a)–(c)  show the parental  lines  of  the two hybrid
combinations,  whereas (d)–(g)  show the hybrid progeny.  X1701 and X1702 were derived from the cross DGDJ × XGYJ;  X1931 and X1932 were derived
from the cross DGDJ × HNYJ. The genome size and heterozygosity level shown in each panel were estimated using GenomeScope2. The ploidy parameter
was set to p = 2 for XGYJ and HNYJ, p = 3 for DGDJ, and p = 4 for all hybrid progeny. The estimated genome size represents the haploid genome size.
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ABBB.  To  investigate  the  genotypic  characteristics  of  the  parental
lines and hybrid progeny, this study aligned HiFi sequencing data to
a  combined  reference  genome  that  includes  the  published  assem-
blies  of  the  A,  B,  S,  and  T  genomes.  Genomic  composition  analysis
revealed  that  XGYJ  predominantly  consists  of  A  (78.44%)  and  S
(15.24%)  genomes  (Table  1),  suggesting  that  although  XGYJ  is
morphologically classified as a diploid M. acuminata (AA), it contains
a substantial proportion of S genome sequences, indicating histori-
cal  introgression  from M. schizocarpa.  In  contrast,  HNYJ  exhibited
90.76%  B  genome  representation  (Table  1),  strongly  supporting
its  characteristic  diploid  BB  genomic  configuration.  Overall,  the  T
genome did not participate in the genome of  either hybrid combi-
nation (Table 1), indicating that it was not involved in the hybridiza-
tion  process  of  the  hybrid  banana.  Genomic  profiling  of  DGDJ
revealed  a  tripartite  composition  with  contributions  from  the  A
(38.39%),  B  (43.23%),  and  S  (14.84%)  genomes,  suggesting  the
complex  hybrid  origin  of  DGDJ.  Comparative  analysis  of  hybrid
progeny demonstrated paternal-specific dosage effects: When XGYJ
was  the  paternal  parent,  the  offspring  X1701  and  X1702  exhibited
increased  A-genome  dosage  (51.31%  and  52.04%,  respectively),
whereas paternal HNYJ led to increased B-genome dosage in X1931
and X1932 (56.54% and 56.62%,  respectively)  (Table  1).  These find-
ings  clearly  indicate  that  the  choice  of  hybrid  combination  signifi-
cantly  influences  the  distribution  of  genomic  dosage  in  banana
hybrids.  The offspring X1701 and X1702 with the A-genome as the
paternal  parent  exhibited  a  B-genome  content  of  32.61%,  whereas
the  offspring  X1931  and  X1932  with  B-genome  as  the  paternal
parent  had  a  B-genome  content  of  56.54%.  In  contrast,  the  B
genome content in DGDJ was 43.23%. The genomic content of the
offspring is closely related to the genotype of the paternal parent.

To align with the Simmonds classification system[5],  we indepen-
dently  aligned  the  parental  lines  and  hybrid  progeny  to  a  merged
reference genome of  the A and B genomes.  HNYJ exhibited an A:B
ratio of 0.042, confirming its canonical BB genome; XGYJ showed an
A:B ratio of  12.9 (Fig.  2),  characteristic  of  a  typical  AA genome;  and
DGDJ displayed a  balanced A:B ratio  of  1.017 (Fig.  2),  indicating an
AB  genome  dosage  close  to  equilibrium,  with  a  (AB)n genotype
pattern. The hybrid progeny X1701 and X1702 (XGYJ × DGDJ) exhi-

bited  (A1.63–1.67B)n genotypes;  X1931  and  X1932  (HNYJ  ×  DGDJ)
displayed  (AB1.63–1.65)n genotypes  (Fig.  2),  where  'n'  indicates  the
ploidy level (tetraploid, n = 2) in the context of the Simmonds classi-
fication. Genomic dosage analysis revealed that the paternal parents
XGYJ and HNYJ contributed single sets of A and B genomes, respec-
tively,  although  DGDJ  contributed  consistently  across  both  hybrid
combinations.

 Genome assembly and verification of the hybrid
progeny as true hybrids of parental combinations

Genome  assembly  using  Hifiasm  software  revealed  distinct
genome sizes for the parental lines and hybrid progeny. The diploid
genomes of XGYJ and HNYJ measured 1,117.3 and 852.0 Mb, respec-
tively,  but  the  triploid  DGDJ's  genome  size  was  1.95  Gb  (Table  2).
The hybrid progeny genomes ranged from 1.96 to 2.0 Gb. Except for
the slightly larger genome of DGDJ (Table 2), all other genome sizes
were  consistent  with  the  expected  ploidy  level.  According  to  the
HiFi  sequencing  data,  k-mers  (k =  31)  were  extracted  and  filtered
to  retain  only  those  occurring  at  least  twice.  The  merged  k-mer
datasets  from  both  parental  lines  and  hybrid  progeny  generated
151.0  million  and  127.8  million  k-mers  for  the  XGYJ  ×  DGDJ  and
HNYJ × DGDJ hybrid combinations, respectively. A random subsam-
ple of 10 million k-mers per cross was subjected to PCA. In the XGYJ
× DGDJ cross, Principal Component (PC) 1 and PC2 explained 68.8%
and 21.9% of the total variance, respectively, accounting for a cumu-
lative 90.7% of the variation (Fig. 3). The progeny X1701 and X1702
were positioned near the perpendicular bisector between DGDJ and
XGYJ, confirming their identity as true offspring of the XGYJ × DGDJ
cross. Notably, PC1 alone explained 68.8% of the total variance, with
X1701, X1702, and DGDJ clustering along the left boundary of PC1,
indicating  closer  genetic  affinity  to  the  maternal  parent  DGDJ
(Fig.  3).  For  the  HNYJ  ×  DGDJ  cross,  PC1  and  PC2  explained  61.7%
and 24.0% of the variance, respectively, with a cumulative explana-
tory  power  of  85.7%  (Fig.  3).  The  progeny  X1931  and  X1932  were
located near the perpendicular bisector of the HNYJ–DGDJ lineage,
confirming their hybrid origin. Similarly, both the progeny and DGDJ
clustered on the left  side of PC1, further indicating a closer genetic

 

a b

Fig. 2  Genotypic evaluation of parental lines and hybrid progeny. HiFi sequencing reads were aligned to the published reference (A + B) genomes, and
the  ratio  of  bases  mapped  to  the  A  and  B  genomes  was  calculated  for  each  parent  and  hybrid  offspring.  Panel  (a)  represents  the  hybrid  combination
between DGDJ and HNYJ, whereas (b) represents the hybrid combination between DGDJ and XGYJ.
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relationship  with  DGDJ  (Fig.  3).  These  results  collectively  demon-
strate that X1701, X1702, X1931, and X1932 are true hybrid progeny
derived  from  their  respective  crosses,  excluding  the  possibility  of
self-pollination or admixture.

 Genetic inheritance of parental genomes in
progeny

According to the k-mer distribution patterns of the parental lines
and  hybrid  progeny,  this  study  quantified  the  proportion  of  the
parental  genomes'  inheritance  in  different  hybrid  combinations.  In
the progeny X1701 and X1702, 14.3% and 14.4% of k-mers, respec-
tively, were inherited from the paternal parent XGYJ, and 62.6% and
64.2%  originated  from  the  maternal  parent  DGDJ.  Additionally,
22.1%  and  21.5%  of  k-mers  were  shared  between  both  parents
(Fig.  4).  Genomic  profiling  detected  36.5  million  k-mers  in  XGYJ,  of
which  85%  were  inherited  by  X1701.  In  DGDJ,  79.3  million  k-mers
were  identified,  with  92.3%  transmitted  to  X1701  (Supplementary
Table S4). X1702 exhibited a similar pattern, with 83.3% of paternal
k-mers  and 91.6% of  maternal  k-mers  being inherited (Supplemen-
tary  Table  S4).  These  findings  indicate  that  the  vast  majority  of
parental  k-mers  were  inherited  by  the  progeny,  further  confirming
that X1701 and X1702 are true hybrid offspring resulting from their
respective crosses.

In  progeny  X1931  and  X1932,  17.1%  and  16.6%  of  the  k-mers,
respectively, were inherited from the paternal parent HNYJ, whereas
48.3% and 46.9% originated from the maternal  parent DGDJ.  Addi-
tionally,  34.6%  and  36.5%  of  k-mers  were  shared  between  both
parents  (Fig.  4).  Genomic  analysis  identified  54.5  million  k-mers  in
HNYJ, of which 83.7% were inherited by X1931. In DGDJ, 82.4 million
k-mers  were  detected,  with  88.7%  transmitted  to  X1931  (Supple-
mentary  Table  S4).  X1932  exhibited  similar  inheritance  patterns,
with  87.5%  of  paternal  k-mers  and  90.9%  of  maternal  k-mers  inhe-
rited (Supplementary Table S4). These findings indicate that the vast
majority of parental k-mers were transmitted to the progeny, further
confirming that X1931 and X1932 are authentic hybrid offspring of
their respective crosses.

 Discussion
Hybridization  serves  as  a  pivotal  mechanism  for  generating

genetic variation in crops, forming the foundation for cultivar deve-
lopment, population construction, and quantitative trait locus (QTL)
mapping  of  key  agronomic  traits.  In  bananas,  hybridization  is  a
crucial  breeding  strategy.  Currently,  it  remains  the  most  promising
conventional approach for improving banana. The history of breed-
ing  banana  hybrids  dates  back  to  the  1920s,  initially  aimed  at
addressing  the  susceptibility  of  the  'Gros  Michel'  cultivar  (AAA
genome)  to Fusarium  oxysporum f.  sp. cubense Race  1  (Foc TR1)[24].
Compared  with  vegetative  selection  and  artificial  mutagenesis,
hybridization offers distinct advantages for breeding bananas[25].

Previous  studies  have  demonstrated  the  introgression  of  the  S
genome  (M. schizocarpa)  into  cultivated  banana[26,27].  In  this  study,
an  S  genome  content  exceeding  14%  was  detected  in  both  XGYJ
and DGDJ, indicating introgression of the S genome. Although XGYJ
is  morphologically  classified  as  a  diploid M. acuminata (AA),  its
substantial S genome proportion (15.24%) suggests historical intro-
gression  from M. schizocarpa (Table  1).  Variations  in  S  genome
dosage among the  progeny were  attributable  to  differences  in  the
paternal contributions (Table 1). Similarly, the S genome's introgres-
sion  led  to  near  1:1  genomic  dosage  ratios  between  the  A  and  B
genomes in DGDJ (Fig. 2). Therefore, we propose that the genotype
of  DGDJ cannot be simplistically  designated as  'ABB'.  This  genomic
complexity likely underlies historical challenges in phenotypic classi-
fication  of M. × paradisiaca using  the  conventional  A/B  genome
framework.

Certain  cultivated  banana  types,  such  as  plantain,  Pisang  Awak,
and M. × paradisiaca, exhibit partial fertility and are frequently used
in  distant  hybridization  with  wild Musa resources  (A,  B,  S,  and  T
genomes).  Natural  hybridization  occurs  when M. × paradisiaca co-
exists with wild diploid bananas, resulting in hybrid progeny[6].  Our
preliminary  artificial  pollination  experiments  using  DGDJ  as  the
maternal parent yielded two or three seeds per fruit finger (personal
observation).  Identifying  hybrid  progeny  is  a  critical  component  of
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Fig. 3  Principal component analysis of k-mers from the parental lines and hybrid progeny. (a) PCA plot for the HNYJ × DGDJ cross. PC1 and PC2 explain
61.7% and 24.0% of the variance, respectively. The hybrid progeny X1931 and X1932 also cluster between the maternal and paternal parents. (b) PCA plot
for the XGYJ × DGDJ cross.  PC1 and PC2 explain 68.8% and 21.9% of the total variance, respectively.  The hybrid progeny X1701 and X1702 are located
near the perpendicular bisector between the two parents, confirming their status as true hybrids. In both crosses, the progeny and the maternal parent
DGDJ cluster on the left side of PC1, indicating closer genetic affinity to the maternal parent.
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banana  breeding  research.  Morphological  observation  remains  the
primary  method  for  authenticating  banana  hybrids;  however,  this
approach is  time-consuming and labor-intensive,  particularly  when
distinguishing  progeny  from  parents  with  minimal  phenotypic
differences.  Polymerase  chain  reaction  (PCR)-based  genotyping
techniques,  such  as  those  using  simple  sequence  repeat  (SSR)  and
ITS  markers,  have  been  applied  in  hybrid  population  analysis[25,28].
With  advances  in  sequencing  technology  and  decreasing  costs,
high-throughput  whole-genome  sequencing  has  emerged  as  the
gold standard for precise genotyping[27].  In this study, we applied a
k-mer-based  approach  using  PacBio  HiFi  sequencing  to  accurately
determine  hybrids'  authenticity  and  quantify  the  parental  genetic
contributions. This method offers a more efficient and precise solu-
tion for breeding banana hybrids.

The  3x ×  2x hybridization  strategy  is  a  classical  approach  in
banana  breeding,  producing  numerous  hybrid  progeny[29,30].  The
world's  first  hybrid  cultivar,  'Goldfinger'  AAAB  (FHIA-01),  was  deve-
loped through distant hybridization between the improved diploid
SH-3142 (AA,  paternal)  and the  triploid  'Santa  Catarina  Prata'  (AAB,
Pome  subgroup;  maternal)[31].  Flow  cytometry  has  confirmed
tetraploidy  in  hybrid  progeny  derived  from  crosses  between M. ×
paradisiaca and  wild  diploids,  suggesting  a  3n + n hybridization
model[6]. In the present study, flow cytometry directly validated that
DGDJ is triploid (3x), the paternal parents XGYJ and HNYJ are diploid
(2x),  and  all  four  progeny  are  tetraploid  (4x),  providing  unambigu-
ous  support  for  the  3n + n inheritance  model.  Similarly,  studies  on
hybridization in Populus have demonstrated that triploids can serve
as  donors  of  unreduced  gametes  in  interploidy  crosses,  acting  as
crucial  intermediate  vectors  for  ploidy  variation  in  species[32].
GenomeScope  analysis  also  validated  tetraploidy  (4x)  in  our  pro-
geny  X170  and  X193,  indicating  consistent  tetraploid  offspring
regardless of the paternal genome type (A or B) (Fig. 3). Wild species
typically  produce n gametes  but  may  occasionally  generate  2n
gametes. Our k-mer analysis revealed significantly lower paternal k-
mer  ratios  in  the  progeny  compared  with  the  maternal  contribu-
tions (Fig.  4, Supplementary Table S4),  confirming the transmission
of  normal n gametes  from  the  paternal  parent.  Notably,  approxi-
mately  90%  of  the  maternal  k-mers  were  inherited,  indicating
predominant  maternal  genetic  retention.  These  findings  support
the  hypothesis  that  DGDJ  participates  in  hybridization  via  female
triploid gametes, contributing to its retained fertility.

Although  the  primary  goal  of  this  study  was  to  identify  true
hybrids  and  characterize  their  genomic  composition,  the  use  of
PacBio  HiFi  sequencing  provides  higher  resolution  for  complex,
polyploid genomes such as banana. For routine hybrid screening in
large breeding populations, short-read sequencing (e.g., Illumina) or
molecular  markers  remain  more  cost-effective  alternatives.  How-
ever,  HiFi  sequencing  offers  advantages  in  resolving  subgenome-
specific inheritance patterns and detecting structural variations that
are difficult to capture with short reads. The method presented here
is  therefore  most  suitable  for  in-depth  characterization  of  selected
hybrids rather than for routine large-scale screening.

 Conclusions
As a representative cultivar characterized by strong disease resis-

tance but suboptimal fruit quality, plantain serves as an ideal mater-
nal  parent  in  hybridization  because  of  its  high  compatibility.  The
3x × 2x hybridization strategy, a classical approach in banana breed-
ing, was utilized to produce hybrid progeny. Through flow cytome-
try  and  k-mer  analysis,  we  elucidated  the  genetic  backgrounds  of
these  hybrids:  Paternal  parents  contributed  normal n gametes,
whereas the maternal parent DGDJ produced 3n gametes, confirm-
ing a 3n＋n inheritance model. All  four progeny were confirmed as
tetraploids  (4x)  by  flow  cytometry  and  genomic  analysis.  Addition-
ally,  we applied  a  k-mer-based method using PacBio  HiFi  sequenc-
ing  data  for  identifying  hybrid  progeny,  which  provides  a  precise
tool for characterizing complex genomic compositions in polyploid
bananas. This approach may accelerate the screening of new hybrid
germplasm  and  enhance  the  genetic  resources  available  for  the
banana industry.
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Fig.  4  Analysis  of  genetic  inheritance  in  hybrid  progeny.  (a)  Proportional  composition  of  k-mers  in  X1931  and  X1932,  classified  as  paternal-specific
(derived from HNYJ, steel blue),  maternal-specific (derived from DGDJ, green),  or shared (orange).  (b) Proportional composition of k-mers in X1701 and
X1702.  The  k-mers  are  classified  as  paternal-specific  (derived  from  XGYJ,  red),  maternal-specific  (derived  from  DGDJ,  green),  or  shared  (cyan).  In  all
progeny,  maternal-specific  k-mers  account  for  the  largest  proportion  (>  48%),  and  the  proportion  of  inherited  paternal  k-mers  ranges  from  14.3%  to
17.1%, consistent with a 3n (maternal) × n (paternal) inheritance model.
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