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Abstract

Background: Musa beccarii (Musaceae) is a banana species native to Borneo, sometimes grown as an ornamental plant. The basic
chromosome number of Musa species is x = 7, 10, or 11; however, M. beccarii has a basic chromosome number of x =9 (2n = 2x =
18), which is the same basic chromosome number of species in the sister genera Ensete and Musella. Musa beccarii is in the section
Callimusa, which is sister to the section Musa. We generated a high-quality chromosome-scale genome assembly of M. beccarii to better
understand the evolution and diversity of genomes within the family Musaceae.

Findings: The M. beccarii genome was assembled by long-read and Hi-C sequencing, and genes were annotated using both long Iso-
seq and short RNA-seq reads. The size of M. beccarii was the largest among all known Musaceae assemblies (~570 Mbp) due to the
expansion of transposable elements and increased 45S ribosomal DNA sites. By synteny analysis, we detected extensive genome-wide
chromosome fusions and fissions between M. beccarii and the other Musa and Ensete species, far beyond those expected from differ-
ences in chromosome number. Within Musaceae, M. beccarii showed a reduced number of terpenoid synthase genes, which are related
to chemical defense, and enrichment in lipid metabolism genes linked to the physical defense of the cell wall. Furthermore, type III
polyketide synthase was the most abundant biosynthetic gene cluster (BGC) in M. beccarii. BGCs were not conserved in Musaceae
genomes.

Conclusions: The genome assembly of M. beccarii is the first chromosome-scale genome assembly in the Callimusa section in Musa,
which provides an important genetic resource that aids our understanding of the evolution of Musaceae genomes and enhances our
knowledge of the pangenome.

Keywords: ancestral genome reconstruction, biosynthetic gene cluster, comparative genome, gene family, Musaceae, transcription
factors, whole-genome duplication

Introduction

Bananas are one of the most well-known and highly consumed
fruits in the world. Phylogenetic studies of the genus Musa (family
Musaceae) have shown that the genus comprises 2 sections: sect.
Musa and sect. Callimusa [1-3]. The basic number of chromosomes
in sect. Musa (c. 33-50 species) is x = 11 (wild accessions are 2n =
2x = 22) while the basic number of chromosomes in members of
sect. Callimusa can be x = 7,x = 9, and x = 10 [1, 4]. The approx-
imately 38 species in sect. Callimusa are 2n = 2x = 20, and lower
numbers are found in Musa ingens (2n = 2x = 14) and Musa beccarii
(2n = 2x = 18) [5]. Although the basic number of chromosomes of
M. beccarii is unique among members within the genus Musa, x =9
is shared among species in the 2 sister genera in the family: Ensete
and Musella [S]. Musa beccarii is closely related to Musa maclayi and
Musa peekelii, and these 3 taxa form a subclade sister to another

subclade including Musa gracilis, while M. ingens is sister to these
2 subclades.

Musa beccarii (NCBI:txid574481) is endemic in Borneo [5, 6]. Its
leaves are long, narrow, bright green, and pest-free, and the verti-
cal inflorescence has large, bright red bracts (Fig. 1). Musa beccarii
begins flowering after 6 to 8 months, and the height of the plants
ranges from 1 to 3 m. It is more compact than most other mem-
bers of the family Musaceae, and it can be grown indoors as an
ornamental plant [7]. The long-lasting bright red and attractive
flowers [8] can be used as cut flowers. The conservation status of
M. beccariiis currently “least concern” [9]; however, some have con-
sidered this species to be endangered because of habitat loss [5,
6] and its small, isolated populations in the wild. It can be prop-
agated by suckers; tissue culture has also been used in M. beccarii
[7, 8], and this has aided its conservation.
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Figure 1: Picture of a Musa beccarii flower.

There are currently 12 fully assembled and annotated
Musaceae genomes, including Ensete glaucum, Musa acuminata,
Musa balbisiana, Musa itinerans, and Musa schizocarpa, according
to “The Banana Genome Hub” [10]. Only half of these genomes
have been assembled at the chromosome scale. The genome
of M. acuminata was the first to be assembled with its “DH Pa-
hang” genome sequence [11], and its genome was updated in
2021 [12]. The assembly revealed that 3 rounds of ancient whole-
genome duplications (WGDs) have occurred in Musa. Following
WGD, many genes involved in transcription regulation, signal
transduction, and translational elongation were retained. Com-
parisons of published genomes have revealed that genes associ-
ated with transcription factors (TFs), defense-related proteins, en-
zymes involved in cell wall biosynthesis, and enzymes involved
in secondary metabolism are Musa lineage specific. Subsequently,
the genome of M. balbisiana was assembled [13], and it was up-
dated using a double haploid [14]. Most edible banana cultivars
are triploids derived from M. acuminata and M. balbisiana ancestors.
Compared to M. acuminata, M. balbisiana shows more genome frac-
tionation (gene loss) but contains more biotic and abiotic stress re-
sistance properties [14]. Musa itinerans was the third species with
its genome assembled [15]. Musa itinerans is a wild banana na-
tive to southeast Asia and one of the cold- and disease-resistant
Musa species [15]. Musa schizocarpa was the fourth species in the

genus Musa to have its genome assembled [16]. It is native to
Papua New Guinea, and a small proportion of its genome has
introgressed into many cultivated edible bananas [17]. However,
this genome is a draft assembly, and no in-depth comparative ge-
nomics has been conducted to data. Recently, a draft genome as-
sembly of Musa textilis, an important fiber plant, was published
[18]. However, this genome assembly is not appropriate for ac-
curate comparative genomic analyses because it is fragmented
and incomplete (e.g., only 78.2% of complete BUSCO genes were
retrieved).

All previously assembled Musa genomes were from members
of the section Musa; no genome assemblies have been generated
from members of the sect. Callimusa. In the Ensete sister group,
the first chromosome-scale genome assembly of E. glaucum (x =
9) was recently published by Wang et al. [19]. This genome assem-
bly provided insights into the chromosome rearrangements and
fusions that occurred between sister genera. Given that it has the
same number of chromosomes as members of the genus Ensete, M.
beccarii might have the most conserved genome structure with re-
spect to the common ancestor between Musa and Ensete [5]; thus,
a genome assembly of M. beccarii would provide an excellent re-
source for studies of genome evolution in the family Musaceae
and enhance our knowledge of the pangenome and structural
variants in the Callimusa section.
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Materials and Methods

Sample collection and sequencing

One M. beccarii N. W. Simmonds individual, planted in a green-
house in the South China Botanical Garden, Guangdong Province,
China, was used for genome sequencing. The orientation of the
greenhouse was from north to south. A fan was installed on the
southern wall to lower the temperature in summer. The indoor
temperature was maintained between 10°C and 35°C. The indi-
vidual was a seedling approximately 50 cm in height and was
cultivated in a plastic pot (diameter: 37 cm; height: 30 cm). The
soil in the pot was a 1:1 mixture of Jiffy’s TPS fine peat substrate
(made from Estonian peat moss, pH 5.8) and sands; no fertiliza-
tion was applied. The plant was automatically irrigated 2 times
daily at 09:00 and 15:00. A sunshade net was placed on the roof of
the greenhouse during the growing period. No other special treat-
ments were applied. The plant was collected for genome sequenc-
ing between 14:00 and 15:00 on 21 September 2020.

Briefly, genomic DNA was extracted from fresh leaves using
the cetyl trimethylammonium bromide method. Quality control
was carried out using a NanoDrop 2000 microspectrophotometer
(Thermo Fisher Scientific, Carlsbad, CA, USA), Qubit fluorometers
(Thermo Fisher Scientific), and gel electrophoresis. High-quality
DNA was used to build 1 short-read (Illumina, San Diego, CA,
USA) and 2 long-read (Nanopore Oxford, UK and PacBio HiFi, San
Diego, CA, USA) whole-genome sequencing (WGS) libraries. To per-
form Hi-C scaffolding, the genomic DNA was cross-linked with
formaldehyde and extracted for Hi-C library preparation. Addi-
tionally, total RNA from M. beccarii leaves of the same individual
was extracted and reverse-transcribed to complementary DNA
(cDNA) for the construction of PacBio full-length cDNA sequenc-
ing (Iso-seq) and short-read cDNA fragment sequencing libraries;
both libraries were used for genome annotation. HiFi WGS library
construction and sequencing were conducted by Annoroad Gene
Technology (AGT, Beijing, China), and the rest of the sequencing
was conducted by GrandOmics Biosciences (GB, Wuhan, China).

The DNA sample was used to prepare a whole-genome shotgun
paired-end (2 x 150 bp) [llumina library using the Truseq Nano
DNA HT Sample Preparation Kit (Illumina). The library was se-
quenced on the Illumina HiSeq X Ten platform (RRID:SCR_01638
5). For Nanopore WGS library construction and sequencing, the
DNA fragments were size-selected using the BluePippin system
(Sage Science, Beverly, MA, USA). A sequencing library was pre-
pared using size-selected fragments with the SQK-LSK109 Liga-
tion Sequencing Kit (Oxford Nanopore Technologies, Oxford, UK),
and sequencing was conducted using the Nanopore PromethION
sequencer. The Hi-C library was prepared following the proce-
dure described in a previous study [20] with some modifications.
Briefly, fresh M. beccarii leaves were cut into 2-cm pieces and im-
mersed in a nuclei isolation buffer with 2% formaldehyde for fix-
ation. Vacuum infiltration was conducted for 20 minutes in this
step. Glycine was added to stop fixation, and vacuum infiltration
was conducted for another 15 minutes. Fixed tissue was rinsed in
chilled water, dried on paper, and frozen in liquid nitrogen until
nuclei were isolated. The isolated nuclei were digested with 100
units of Dpnll (New England Biolabs, Ipswich, MA, USA), and then
biotin was marked with biotin-14-dCTP. Extra Biotin-14-dCTP was
removed, and ligation was conducted using T4 DNA polymerase
(New England Biolabs). The ligated DNA was sheared into 300- to
600-bp fragments, blunt-end repaired, A-tailed, and purified us-
ing biotin-streptavidin-mediated pull-down. Finally, the Hi-C li-
braries were paired-end sequenced (2 x 150 bp) using the Illu-
mina HiSeq X Ten or MGI DNBSEQ-T7 (RRID:SCR_017981) (MGI
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Tech, Shenzhen, China) sequencing platforms. For HiFi WGS li-
brary construction and sequencing, a total of 50 ug extracted ge-
nomic DNA was sheared to approximately 10 kb using Covaris
g-Tubes (Covaris, Woburn, MA, USA). The sheared DNA was pu-
rified and concentrated using AMPure PB magnetic beads (Cul-
tek, Madrid, Spain). HiFi sequencing libraries were then prepared
using Pacific Biosciences SMRTbell Template Prep Kit 1.0 (Pacific
Biosciences, San Diego, CA, USA). The constructed library was
further size-selected electrophoretically using SageELF systems
from Sage Science. Primer annealing was then performed using
the constructed library, and SMRTbell templates were bound to
polymerases using the Sequel Binding Kit (Pacific Biosciences, San
Diego, CA, USA). Finally, the Pacific Bioscience Sequel II platform
(RRID:SCR_017990) was used for sequencing.

For RNA sequencing (RNA-seq) library construction and se-
quencing, total RNA was extracted from M. beccarii leaves using
the TRNzol Universal RNA Extraction Kit (Tiangen, Beijing, China).
A NanoDrop One UV-Vis spectrophotometer (Thermo Fisher Sci-
entific), Qubit Fluorometer (Thermo Fisher Scientific), and Agi-
lent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)
were used to evaluate the quality and integrity of RNA. A TruSeq
RNA Library Preparation Kit (Illumina) was then used to generate
sequencing libraries following the manufacturer’s instructions.
The Illumina HiSeq X Ten platform was used with paired-end se-
quence (2 x 150 bp) cDNA libraries. For PacBio Iso-seq library con-
struction and sequencing, total RNA was extracted, and the qual-
ity of the RNA was assessed using the method described above.
RNA was then reverse transcribed into cDNA using the NEBNext
Single Cell/Low Input cDNA Synthesis & Amplification Module
(New England Biolabs) and the Iso-Seq Express Oligo Kit (Pacific
Biosciences). The cDNA was then purified using the ProNex Beads;
the SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences)
was used to prepare the cDNA library. The Sequel Binding Kit was
used to anneal sequencing primers to the SMRTbell templates and
promote binding to polymerases. Sequencing was performed on
the Pacific Biosciences Sequel II platform.

The libraries, sequencing, platforms, and data are summarized
in Supplementary Table S1.

Data preprocessing

After sequencing, Sickle v1.33 (RRID:SCR_006800) [21] was used
to quality trim both short WGS and Hi-C reads by removing reads
with base quality values less than 30 and lengths shorter than
80 bp. RECKONER V1.1 [22] was used to further error-correct short
WGS reads. The CCS algorithm v6.0.0 (RRID:SCR_021174) [23] was
used to process PacBio HiFi reads and obtain consensus reads.
The error-corrected short WGS reads and/or HiFi reads were used
to estimate the genome size of M. beccaril via KmerGenie v1.7044
[24], GenomeScope 2.0 (RRID:SCR_017014) [25], findGSE [26], GCE
v1.0.2 [27], MGSE [28], and Gnodes [29]. Both MGSE and Gnodes
provide mapping-based genome size estimations, while the oth-
ers are k-mer based. PacBio Iso-seq reads were processed using
IsoSeq v3.0 [30] to obtain full-length transcripts. Basecalling of
raw Nanopore sequencing data (FAST5 format) was conducted us-
ing Guppy 3.2.10 (Oxford Nanopore Technologies) with default pa-
rameters to convert them to the FASTQ format. Porchop v0.2.4 [31]
and HiFiAdapterFilt v1.0.0 [32] were used to remove the adapters
in Nanopore and PacBio consensus long reads.

Genome assembly

The initial assembly was optimized using different assemblers.
NextDenovo v2.3.1 [33], Flye 2.9.1 (RRID:SCR_017016) [34], and
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Canu 2.2 (RRID:SCR_015880) [35] were used for Nanopore reads.
HiFiasm 0.15.2 (RRID:SCR_021069) [36], Flye 2.9.1, and HiCanu
(using HiFi mode in Canu 2.2) [37] were used for PacBio HiFi
reads. NextDenovo and HiFiasm were finally used for Nanopore
and HiFi reads, respectively, based on assembly continuity (see
Results). Supplementary Fig. S1 shows the steps used to as-
semble the M. beccarii genome, and the full scripts (file named
“Mbe_genome_assembly_srcipt.txt”) are provided on the Figshare
website [38]. Briefly, NextDenovo was used to assemble the
genome with Nanopore long reads. The assembly was then pol-
ished using Racon v1.4.21 (RRID:SCR_017642) [39] and Hapo-G
v1.0 [40]; Pseudohaploid [41] and Purge_Dups v1.2.5 (RRID:SCR_0
21173) [42] were used to remove duplications caused by het-
erozygosity in the assembly. PacBio HiFi reads were used to cor-
rect the assembly with Inspector (RRID:SCR_004923) [43] and
RagTag v2.0.1 [44]. The corrected assembly was scaffolded with
Hi-C reads using Scaffhic 1.1 [45], Juicer pipeline 1.6 (RRID:SC
R_017226) [46], and 3d-dna 201008 (RRID:SCR_017227) [47]. Gap-
filling was performed using TGS-GapCloser v1.0.1 (RRID:SCR_017
633) [48]. BUSCO (RRID:SCR_015008) v5.2.2 [49] with the database
embryophyta_odb10.2020-09-10 was used to evaluate the qual-
ity of the assembly. The completeness of the assembly was also
assessed by aligning the Illumina WGS reads using BWA v0.7.17
(RRID:SCR_010910) [50]; the percentage of mapped reads was de-
termined using the “flagstat” command in SAMtools v1.9 (RRID:SC
R_002105) [51]. The quality of the sequence assembly was finally
evaluated based on the trimmed and error-corrected Illumina
WGS reads in SQUAT v1.0 [52] through read mapping quality ana-
lytics using the parameter “-sample-size 10,000,000.” SQUAT uses
2 alignment algorithms, BWA-MEM and BWA-backtrack, to eval-
uate the mapping quality and calculate percentages of uniquely
mapped, multimapped, and unmapped reads. It further classifies
uniquely mapped reads into those that are perfect matches, those
containing substitutions, those with mismatches at the ends (i.e.,
clips), and others. Perfectly matched and multimapped reads are
considered highly mapped, and unmapped reads are considered
poorly mapped [43].

Repeat annotation

EDTA v1.9.9 (RRID:SCR_022063) [53] and RED v2.0 [54] were used
to identify repeat sequences in the M. beccarii assembly, and the
results of both analyses were combined using the “merge” com-
mand in BEDtools v2.29.2 (RRID:SCR_006646) [55]. The M. beccarii
assembly was masked using the “maskfasta” command in BED-
tools according to the combined repeat sequences. For compari-
son, repeat sequences in E. glaucum, M. balbisiana, M. itinerans, M.
schizocarpa, and M. acuminata were also tested using EDTA.

To identify 2 possible types of centromeric repeat sequences
(i.e., Nanica, a long interspersed element [11], and Egcen,
tandemly repeated satellite [19] sequences) in the M. beccarii as-
sembly, blastn 2.12.0+ [56] was used to conduct searches with de-
fault settings, including “-strand both -task megablast -evalue 10 -
use_index false -dust 20 64 1 -soft_masking true -max_target_segs
500 -off_diagonal range 0.” Both types of sequences were detected
in all Musaceae genomes, but Egcen sequences were only de-
tected in the genera Ensete and Musella but not Musa [19]. Nan-
ica sequences were obtained from Banana Genome Hub [57], and
Egcen sequences were obtained from Wang et al. [19]. Consensus
sequences of the tandemly repeated 5S and 45S ribosomal DNA
(rDNA) monomers in M. beccarii were obtained via assembly of the
Mlumina raw reads into monomers sampled from the Nanopore
reads.

Gene prediction and annotation

LoReAn [58], an automated annotation pipeline designed for eu-
karyotic genome annotation, was used for structural gene pre-
diction. In addition to ab initio gene prediction, both long and
short RNA-seq reads and protein sequences from 3 species,
M. balbisiana, M. schizocarpa, and M. acuminata (Supplemen-
tary Table S2), were used for RNA-seq and protein evidence-
based gene prediction in LoReAn. The results were then input
into the Funannotate pipeline v1.8.7 [59] to obtain final inte-
grated and consensus gene sets using the commands “funan-
notate train” and “funannotate predict” and the parameters “-
max_intronlen 100000 -busco_db embryophyta -organism other.”
Gene prediction completeness was evaluated by BUSCO using the
database embryophyta_odb10.2020-09-10 with the parameter “-
mode prot,” and only the longest transcripts were used.

After gene prediction, the command “funannotate annotate”
was used to functionally annotate genes. The following databases
were used to annotate genes: dbCAN v9.0 (RRID:SCR_013208) [60],
eggNOG v5.0.2 (RRID:SCR_002456) [61], Gene Ontology (GO; RR
ID:SCR_002811) [62, 63], KEGG (RRID:SCR_012773) [64], InterPro
v5.52-86 (RRID:SCR_006695) [65], MEROPS v12.2 (RRID:SCR_00777
7) [66], Pfam v34.0 (RRID:SCR_004726) [67], and UniProt v2021_03
(RRID:SCR_002380) [68].

Because many isoforms in genes were identified via the Funan-
notate pipeline when short- and long-read transcripts were used
for gene annotation, SUPPA v2.3 [69] was used to investigate alter-
native splicing (AS) events. AS events were classified into 7 types:
skipping exon, alternative 3’ splice sites, alternative 5’ splice sites,
mutually exclusive exons, retained intron, alternative first exons,
and alternative last exons.

For gene function comparison, the protein-coding genes of all
other species used in our phylogenetic analysis (see below) were
also functionally annotated using the same procedures used for
M. beccarii. After annotation, only the longest transcript for each
gene in all the species was used in subsequent analyses unless
mentioned otherwise.

Given the importance of TF genes in the genomes, these genes
were identified and compared in Musaceae species using iTAK
[70]. In addition, MYB TFs, the largest TF family in plants and
Musaceae (see Results), were further identified using MYB_ an-
notator [71].

Gene families and comparative genomics

Gene families in M. beccarii and 14 other species (Supplementary
Table S3) in monocots were identified using OrthoFinder v2.5.4
(RRID:SCR_017118) [72, 73] through comparison of their protein-
coding gene sequences. Following the gene family identification,
genes specific to Musaceae Musa and M. beccarii were extracted
to compare predicted gene functions. A total of 1,125 single-copy
ortholog sequences from all species were then used to conduct
a phylogenomic analysis using RAXML-NG v1.0.3 (RRID:SCR_022
066) [74] with the model JTT+I+G4+F, which was determined
to be the optimal model according to ModelTest-NG v0.1.7 [75].
Based on the inferred phylogenetic tree, MCMCTree [76] was used
to estimate divergence times; 9 species pairs were used as cal-
ibration points, and their estimated divergence times were ob-
tained from TimeTree (RRID:SCR_021162) (Supplementary Table
S4). MCMCTree runs were conducted with the following param-
eters: burn-in of 2,000,000, sample frequency of 10, and sample
number of 4,000,000. Two runs were performed to ensure the con-
vergence of the posterior distribution. Using the dated tree, CAFE
v5 (RRID:SCR_018924) [77] was used to identify gene families (i.e.,
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orthologous groups) that had potentially undergone expansions
or contractions. When running CAFE, families that were not at
the phylogenetic root were filtered.

For the above gene sets (family/genus/species specific and ex-
panded/contracted), GO and KEGG enrichment analyses were per-
formed using TBtools v1.098669 [78]. In the enrichment analy-
sis, all the predicted genes with their GO/KEGG annotations were
used as the background/reference gene set; the query gene set
comprised the genes obtained from the above analyses (e.g., ex-
panded/contracted genes). P values were obtained from hyperge-
ometric tests and corrected using the Benjamini-Hochberg (BH)
method. Significantly enriched (P <0.05 following BH adjustment)
GO terms (the name of the term, i.e., biological process, among
others) were further grouped and visualized using a treemap gen-
erated in REVIGO (RRID:SCR_005825) [79].

Whole-genome duplication

Ancient WGD events in M. beccarii and the other 5 species in
Musaceae were detected using wgd v1.2 [80]. Ksrates v1.1.1 [81]
was used to characterize the timing of WGD events with respect to
speciation events between M. beccarii and the other Musa species.
Ksrates is based on the wgd package, but it rescales the synony-
mous nucleotide substitution (Ks) estimation by considering dif-
ferent Ks rates among lineages in a given phylogenetic tree, which
permits more accurate inferences of speciation events. A simpli-
fied phylogeny obtained from the gene family analysis above was
used in the ksrates analysis; only species in the family Musaceae
were considered, and E. glaucum was used as an out-group species.

The DupGen_finder pipeline [82] was used to determine the
number of duplications derived from WGD and other types
of duplication events. Through searches of homologous gene
pairs, DupGen_finder also identified possible tandem duplica-
tions (TDs), proximal duplications (PDs), transposed duplications
(TRDs), and dispersed duplications (DSDs). TDs are defined as du-
plications in which the duplicated sequence is next to the orig-
inal sequence (separated by 5 or fewer genes), PDs are defined
as duplications in which the duplicated sequence is 10 or fewer
genes away from the original sequence, TRDs are defined as trans-
posable element mediated duplications, and DSDs are random
nonneighboring duplications. GO and KEGG enrichment analyses
were conducted using TBtools v1.098669 for genes derived from
each type of duplication event. Significantly enriched GO terms
were further grouped and visualized using a treemap generated
in REVIGO if needed.

Whole-genome alignment and synteny analysis

Syntenic blocks within the M. beccarii assembly and between the
Musaceae assemblies were analyzed using MCScan (RRID:SCR_O
17650, Python version) in the jcvi package and visualized using
the jevi v1.1.19 [83] and Shinycircos [84] packages. The default
parameters for the synteny analysis in MCScan were used, with
the exception that the parameter “minimum number of anchors”
was set to 10. MCScanX (RRID:SCR_022067, match score 3 and
match size 10) [85] was also used, and results were visualized us-
ing SynVisio [86]. Dot plot alignments between Musaceae genome
assemblies were generated and visualized using D-GENIES v1.2.0
(RRID:SCR_018967) [87].

Biosynthetic gene clusters

Biosynthetic gene clusters (BGCs) in Musaceae species were iden-
tified by plantiSMASH v1.0 (Plant Secondary Metabolite Analysis
Shell) [88]. The libraries used in PhytoClust [89] were also used

Musa beccarii genome | 5

when running the plantiSMASH tool to enhance BGC identifica-
tions.

Nucleotide-binding site-leucine-rich repeat gene
identification

Nucleotide-binding site-leucine-rich repeat (NBS-LRR) genes are
the major plant resistance genes serving as an active defense
against pathogens [90]. There are generally 3 main types of
NBS-LRR genes [91]: Toll/interleukin-1 receptor NBS-LRR (TNL),
N-terminal coiled-coil motif NBS-LRR (CNL), and resistance to
powdery mildew 8 NBS-LRR (RNL) genes; TNL genes are ab-
sent in monocots [91, 92]. According to the results of In-
terPro/Pfam annotation in the tested Musaceae species, NBS-
LRR genes were identified using the following protein domains:
IPR03800, PF00931/IPR002182, PF13855/PF00560/1PR032675, and
PF05659/IPRO0880S.

NBS-LRR genes were also detected using NLR-Annotator [93]
with default settings. Rather than using annotated proteins pre-
dicted by gene models and transcriptomic data, NLR-Annotator
directly uses genomic sequences to identify possible NLR genes,
which were confirmed to be most efficient in NLR gene identifica-
tion. After NLR genes were detected, NLR-Annotator categorized
NLR genes as “complete,” “complete (pseudogene),” “partial,” or
“partial (pseudogene)” according to the properties of each gene.

» o«

Ancestral genome reconstruction

AnChro [94] was used to reconstruct ancestral genomes of
Musaceae members with ginger (Zingiber officinale, GenBank ac-
cession number of GCA_018446,385.1) as an out-group. SynChro
[95] was used to identify conserved syntenic blocks between dif-
ferent pairs of genomes; the blocks in the two genomes (with the
shortest path connecting them in the phylogenetic tree) were then
used toinfer ancestral gene order by comparing them with the ref-
erence genomes. During syntenic block inferences, the stringency
parameter, which determines the number of reciprocal best hits
within a syntenic block, was set to 3.

Results

The size of the M. beccarii genome was inferred to be 554,284,138 bp
by KmerGenie under the best-selected k-mer size of 87 follow-
ing comparisons of different k-mer spectra. Using different pro-
grams, the estimated genome size of M. beccarii ranged from
547,121,747 bp to 746,096,492 bp (Supplementary Table S5); the
size of the genome was predicted to be between 565,341,681 bp
and 661,920,459 bp according to the 2 mapping-based genome es-
timation programs, MGSE and Gnodes. The level of heterozygosity
in the genome estimated by GenomeScope ranged from 0.287% to
0.815%.

The assembly sizes using different assemblers ranged from
607,623,222 bp (NextDenovo) to 816,255,026 bp (Canu) with
Nanopore reads and 636,694,734 bp (Hifiasm) to 1,247,860,321 bp
(HiCanu) with HiFi reads (Supplementary Table S6). The Nexden-
ovo and Hifiasm assemblers displayed superior contig numbers,
average and minimum lengths, and N50 values for Nanopore and
HiFi reads, respectively; these 2 assemblies were used in subse-
quent steps of the genome assembly process. Details of the Nex-
denovo and Hifiasm assembly results are shown in Table 1.

After Hi-C read scaffolding, the assembly size was
569,617,942 bp with 449 scaffolds, the N50 value was
67,088,101 bp, and 551,683,906 bp (96.85%) of the sequences
were assembled into 9 chromosomes (Table 1, Fig. 2A). The largest
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Table 1: Statistics of the genome assembly of Musa beccarii

Contig statistics of initial assembly

Contig statistics of initial assembly

Scaffold statistics after Hi-C

using Nanopore reads using PacBio HiFi reads scaffolding
Length of the Order of the Length of the Order of the Length of the Order of the
sequence (bp) sequence length  sequence (bp) sequence length  sequence (bp) sequence length Chromosome Length
N10 = 48,080,317 L10=2 N10 = 8,700,004 L10=7 N10 = 79,885,826 L10=1 chrl 79,367,759
N20 = 39,700,570 L20=3 N20 = 5,180,184 L20=17 N20 =79,367,759 L20=2 chr2 79,885,826
N30 = 27,992,656 L30=5 N30 = 3,933,706 L30=31 N30 = 73,517,995 L30=3 chr3 67,088,101
N40 = 21,895,089 L40=7 N40 = 3,192,498 140 =48 N40 = 73,517,995 140=3 chr4 57,442,642
N50 = 18,949,966 L50 =11 N50 = 2,546,178 L50 =70 N50 = 67,088,101 L50=4 chr5 73,517,995
N60 = 15,652,116 L60 =14 N60 = 2,007,927 L60 =99 N60 = 60,040,564 L60 =5 chré 60,040,564
N70 = 12,145,816 L70 =18 N70 = 1,507,786 L70 =136 N70 = 57,442,642 L70=6 chr7 53,040,366
N80 =8 091,256 180 =25 N80 = 1,059,843 L80 =186 N80 = 53,040,366 L80=7 chr8 42,891,246
N90 =1 849,914 190 =40 N90 = 527,812 L90 =271 N90 = 42,891,246 190 =28 chr9 38,409,407
N100 = 21,817 L100 = 306 N100 = 12,368 L100 =811 N100 = 1,000 L100 = 449
Total length, bp 607,623,222 636,694,734 569,617,942
Average length, bp 1,985,696.80 785,073.65 1,268,636.84
Largest length, bp 52,524,701 11,573,678 79,885,826
Minimum length, bp 21,817 12,368 1,000

chromosome (chr2) was 79,885,826 bp, and the shortest chromo-
some (chr9) was approximately 2 times smaller (38,409,407 bp)
(Table 1).

BUSCO assessment of the final genome sequence assembly
yielded a completeness score of 98.4% for the Embryophyta (1,614
core genes) datasets, including 1,510 (93.6%) complete and single-
copy genes and 78 (4.8%) complete and duplicated genes. Another
11 genes (0.7%) were reported as fragmented, and 15 (0.9%) were
reported as missing. The integrity of the genome sequence assem-
bly was evaluated by mapping the Illumina WGS reads using BWA:
99.83% of the reads were mapped reads, and 95.26% of the reads
were correctly paired.

The mapping quality metrics generated by SQUAT revealed
81.5% uniquely mapped reads (62.1% perfectly matched, 14.5%
with substitution errors, 2.3% containing clips, and 2.6% with
other errors), 18.3% multiply mapped reads, and 0.2% unmapped
reads in the BWA-MEM mode; 79% uniquely mapped reads (62.5%
perfectly matched, 14.9% with substitution errors, and 1.6% with
other errors), 16.1% multiply mapped reads, and 4.9% unmapped
reads were identified in the BWA-backtrack mode. The overall per-
centage of poorly mapped reads in the 2 modes was 2.5%.

Annotation of repeat sequences

Repetitive regions comprised 51.79% (295,005,341 bp), and 51.45%
(293,068,842 bp) of the genome assembly was identified according
to EDTA and RED software. EDTA indicated that the most abun-
dant repetitive sequences were long terminal repeat (LTR) retro-
transposons, which accounted for 43.47% (247,628,340 bp) of the
assembly, followed by terminal inverted repeats (TIRs), which ac-
counted for 5.53% (31,478,316 bp) of the assembly (Supplementary
Table S7). The largest proportion of LTR elements were Copia-like
(144,383,969 bp, 25.35%) and Gypsy-like (51,691,527 bp, 9.07%) se-
quences.

A total of 318,946,703 bp (55.99%) of the genome sequence was
annotated and masked as repetitive components when the re-
sults of EDTA and RED software were combined. The density of
repeat sequences in the assembly is shown in Fig. 2B. Compara-
tive analysis indicated that M. beccarii contained the highest num-
ber of repetitive sequences and the longest repetitive sequences
(Fig. 3, Supplementary Table S7), which were mainly LTR retro-
transposons and a small number of non-TIR helitrons.

The “seed” Nanica repetitive sequence from M. acuminata is
5,291 bp long. A BLAST search revealed 822 Nanica-like sequences
in M. beccarii with lengths ranging from 55 to 3,891 bp, and 668
of them were longer than 1,000 bp. However, these sequences
were not only concentrated in the centromere (Supplementary
Fig. S2A). The “seed” sequence of Egcen repeats from E. glaucum
was 134 bp; no similar sequences were detected in M. beccarii via
BLAST searches or short/long WGS read-mapping of the assembly.

Three 455 rDNA repeats (18S, 5.8S, and 26S ribosomal RNA
genes as well as intergenic spacers) were detected on chr5 (around
bp 21,300,000), chr9 (around bp 38,200,000 near the telomere), and
chr7 (around bp 44,400,000). The consensus monomer sequence
was 10,402 bp long with a GC content of 60%. The consensus se-
quence included 17 copies of a tandem repeat (MuTR; GenBank
AM905874 to AM905898), although the number of MuTR repeats
varied between rDNA monomers in the Nanopore long-molecule
reads. Excluding MuTR repeats, present at multiple genome se-
quence sites, the 45S rDNA repeat was present in 5.0% of the ex-
amined short sequence reads. The 5S rDNA monomer was 432 bp
long with a GC content of 55.8%, and it was presentin 0.11% of the
reads; the major sites were located on chr8 at bp 16,100,000 and
chr7 at bp 37,424,000. Peaks associated with the higher GC con-
tent of rDNA sequences (assembly average 38.7% GC) are shown
in the GC content plot (Fig. 2B).

Gene prediction and annotation

A total of 39,112 genes encoding 45,461 proteins were predicted
in M. beccarii. Of these genes, 38,756 (85.25%) were functionally
annotated (Supplementary Table S8) with a completeness score
of 94.8% in the embryophyta_odb10 database, according to the
BUSCO assessment.

Alternative splicing events were detected in 4,602 genes. Re-
tained introns were the most frequent events (2,847), followed by
alternative 3’ splice sites events (830). Other detected events in-
clude skipping exon events (313), alternative 5 splice sites (424),
mutually exclusive exons (8), alternative first exons (109), and al-
ternative last exons (103).

A total of 3,168 genes encoding TF in M. beccarii were identi-
fied, and this was similar to the number of TF genes identified
in the genomes of M. acuminata and E. glaucum (Fig. 2C; Supple-
mentary Table S9). Among these genes, MYB genes were the most
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Figure 2: (A) Hi-C interaction heatmap (bin length 10,000 bp) for the Musa beccarii genome. (B) Genome features across M. beccarii chromosomes. (C)
Inferred phylogenetic tree and contracted (-) and expanded (+) gene families in M. beccarii and other species in Liliopsida. Gene families within the
most recent common ancestor are denoted at the root. Numbers following each species indicate the statistics of different genes

abundant in M. beccarii and in the other Musaceae species (Sup-
plementary Table S10). Using the MYB_annotator, a total of 292
MYB genes were identified in M. acuminata; this is similar to 294
previously reported [96]; 268 MYB genes were identified in the M.
beccarii genome (Supplementary Tables S10 and S11). MYB genes
associated with “axillary meristem, root growth”; “cell wall, lignin,
seed oil, axillary meristem”; “defense, stress response”; “repres-
sor phenylpropanoid, sinapate, lignin”; and “stress response, hor-
mone signaling” were more abundant in the Musaceae genomes
than in the genomes of other species (Supplementary Table S12).
The 3 anthocyanin genes, MB_008808-T1, MB_018229-T1, and
MB_003891-T1, in M. beccarii were orthologous to MusaMYB-«, -8,
and -y in M. acuminata, and this is associated with the transcrip-
tional activation of anthocyanin biosynthesis in banana [97].

Orthogroup identification and gene enrichment

A total of 32,123 orthogroups were identified from a set of 495,640
genes from selected monocots species. In the M. beccarii genome,

83.90% (32,815/39,112) of the genes were assigned to 50.03%
(16,070/32,123) of the gene families, and 248 gene families com-
posed of 671 genes were specific to M. beccarii (Supplementary Ta-
ble S13).

A total of 7,810 gene families, which included 3,531 genes
in M. beccarii, were specific to Musaceae. GO and KEGG enrich-
ment analysis revealed that these Musaceae-specific genes in
M. beccarii were involved in the regulation of protein modifica-
tion, transcription, and cell wall in the GO Biological Process
(BP) category (Supplementary Table S14, Supplementary Fig. S3)
and flavonoid biosynthesis, tryptophan metabolism, and phenyl-
propanoid biosynthesis in KEGG (Supplementary Table S15).

The 5 Musa species shared 22,000 gene families; 11,136 of these
genes were shared among all 5 Musa species, and these genes
were considered core families (Supplementary Fig. S4). There were
25,754 M. beccarii genes in the core families. The GO analysis re-
vealed that these genes were mainly involved in cellular and
metabolic processes in the BP category and binding and catalytic
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activity in the Molecular Function (MF) category (Supplementary
Fig. S5). Transcription regulator and transporter activities were
the other 2 main functions in the MF category. A total of 1,062
gene families comprising 1,617 genes were specific to the M. bec-
carii genome (Supplementary Fig. 54).

A phylogenetic tree (Fig. 2C) revealed that M. beccarii had an es-
timated divergence time from the other Musa species of approx-
imately 25.26 (95% CI: 8.25-54.84) million years ago. A total of
12,211 gene families were used in the gene family expansion and
contraction analysis. In the M. beccarii genome, 1,518 gene fami-
lies have expanded, and 885 gene families have contracted; 84 of
these expansions were significant (P < 0.05), and 50 of these con-
tractions were significant. Significantly expanded gene families

were mainly involved in transcription, carbohydrate metabolism,
and membrane transport (Supplementary Tables S16 and S17,
Supplementary Fig. S6). Significantly contracted gene families
were mainly involved in defense response according to the GO
analysis and (mono)terpenoid biosynthesis and translation fac-
tors according to the KEGG analysis (Supplementary Tables S18
and S19).

Genes with alternative splicing were mainly involved in mes-
senger RNA 3’-end processing, amino acid catabolic processes,
phosphorus metabolic processes, response to stress (such as DNA
repair), and taurine and hypotaurine metabolism according to the
GO and KEGG analyses (Supplementary Tables S20 and S21, Sup-
plementary Fig. S7)
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Gene duplications

All Musaceae species have undergone the same 3 ancient WGD
events (Fig. 4A), and the 5 Musa species diverged following the
WGD events (Fig. 4B).

Gene duplication analyses in M. beccarii revealed 11,244 gene
pairs that possibly derived from WGDs, 531 pairs derived from
tandem duplications, 646 pairs derived from proximal duplica-
tions, 2,313 pairs derived from transposed duplications, and 7,690
pairs derived from dispersed duplications. The enrichment anal-
ysis revealed that duplicated genes derived from WGDs were
mainly involved in transcription, signaling, defense, environment
adaptation, and root development (Supplementary Tables 522 and
523, Supplementary Figs. S8 and S9A). Genes derived from tan-
dem duplications were mainly involved in various metabolic pro-
cesses related to stress responses (e.g., glutathione and phenyl-
propanoid metabolism) and defense (e.g., cell wall formation and
membrane transport) (Supplementary Tables S24 and 525, Sup-
plementary Figs. S10 and S9B). Genes derived from proximal du-
plications were mainly involved in benzoxazinoid, terpenoid, and
flavonoid biosynthesis; membrane transport; and cell wall for-
mation (Supplementary Tables 526 and S27, Supplementary Fig.
S9C). Genes derived from transposed duplications were mainly in-
volved in lon transport (Supplementary Table S28). Genes derived
from dispersed duplications were mainly involved in DNA repair,
monosaccharide metabolic process, and prokaryotic defense sys-
tem (Supplementary Tables S29 and S30, Supplementary Figs. S11
and S9D).

Whole-genome alignment and synteny analysis

Overall, syntenic relationships of M. beccarii with the other
Musaceae assemblies were observed, including several major syn-
tenic blocks of genes with extensive rearrangements, including
fusions, fissions, and translocations (Fig. 4C and Fig. 5). Chr4 of
M. beccarii showed the highest conserved relationship with chr4
of other Musa species (Fig. 5). Chr5, which was the only one con-
served between E. glaucum and M. acuminata, was divided into chr3
and chr5 in M. beccarii (Supplementary Fig. S12); this indicates that
this fission is specific to M. beccarii. The other chromosomes of
M. beccarii have undergone various rearrangements; for example,
chr3 is syntenic with 5 chromosomes of both E. glaucum and M.
acuminata (Supplementary Fig. S12).

Synteny analysis of the ancient WGDs within M. beccarii re-
vealed 233 syntenic blocks containing 9,594 genes and 5,512 gene
pairs. The size of the longest syntenic block was 8,645,195 bp, and
it contained 44 gene pairs between chr5 and chr6; the smallest
syntenic block was 161,642 bp, and it contained 15 gene pairs be-
tween chr2 and chr3 (Supplementary Table S31). The syntenic re-
lationships are shown in the CIRCOS plot (Fig. 2B).

A total of 196, 111, 155, and 141 syntenic blocks in M. beccarii
were shared with E. glaucum, M. balbisiana, M. acuminata, and M.
schizocarpa, respectively. The largest blocks occurred in the chrés
of M. beccarii and the other Musa species (Fig. 4C and Fig. 5). These
largest blocks contained 1,776, 2,495, and 1,675 gene pairs be-
tween M. beccarii and M. balbisiana, M. acuminata, and M. schizocarpa,
respectively, including a total of 2,602 genes in M. beccarii chr4.

Biosynthetic gene clusters

M. beccarii contained 66 possible BGCs (Table 2 and Supplemen-
tary Table S32), the second largest number of BGCs in sequenced
genomes of Musaceae species after M. acuminata (72 clusters). The
most abundant BGCs in all Musaceae species were similar to type
III polyketide synthase (T3PKS) and tomatine clusters. The BGCs
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in chr4 of M. beccarii and their syntenic genes in the chr4s in the
other Musa species are shown in Fig. 4D; these findings indicate
that BGCs are not conserved in Musa. Substantial gains and losses
of BGC and genes were observed.

Identification of NBS-LRR genes

Using the annotated protein sequences in Musaceae species, the
highest number of CNL genes was detected in M. itinerans (59
genes), and the lowest number of CNL genes was detected in M.
balbisiana (14). A total of 31 CNL genes were detected in M. beccarii
(Fig. 2C). Only 1 RNL gene was detected in each Musaceae species.

NLR-Annotator was used to identify the most complete and
highest overall number of NBS-LRR genes in M. beccarii (Supple-
mentary Fig. S2B, Supplementary Table S33); the most NBS-LRR
genes were observed in chr6, and no NBS-LRR genes were iden-
tified in chr5 (Supplementary Fig. S2B). Only 74 NBS-LRR genes
were identified in M. beccarii when the genes were detected us-
ing predicted genes (Supplementary Table S34), much less than
the 179 genes obtained from the genome sequence. The number
of NBS-LRR genes detected using predicted genes was also low in
M. balbisiana compared with the number of genes identified from
its genome sequence (43/96). In M. acuminata, which has the most
complete genome sequence, the numbers of NBS-LRR genes iden-
tified from predicted genes and the genome sequence were 111
and 128.In M. itinerans, the numbers were 149 and 138, most likely
stems from the fragmented draft assembly.

Ancestral genome reconstruction

The ancestral genome reconstruction revealed 86 contigs in the
genome of the last common ancestor (LCA) and between 19 and 40
contigs in the genome of the intermediate ancestors in Musaceae
(Fig. 6). Although these ancestral genomes are fragmented, the
complex chromosomal rearrangements that occurred between
Ensete, Musa sect. Musa, and Musa sect. Callimusa are evident in
these genomes. The number of macro- and micro-rearrangements
in these Musaceae species was high; the number of contig rear-
rangements ranged from 18 for M. acuminata to 91 for M. beccarii,
which is consistent with the phylogeny.

Discussion

Genome size

The chromosome-scale assembly of M. beccarii identified 9 pseu-
domolecules between 38 and 79 Mbp long (Fig. 2, Table 1), which
is more variable than those in other Musa species (e.g., between
35 and 51 Mbp in M. acuminata) [12]. Musa beccarii has the largest
genome (assembly size ~ 570 Mbp, consistent with various esti-
mates from k-mers) among species within the family Musaceae [5,
98]. The genome size of M. beccarii was estimated to be between 764
and 804 Mb according to DNA flow cytometry [5, 99], which might
be an overestimation compared with the k-mer/mapping-based
genome size estimation. Similar to other Musa species, the size
of the genome estimated by flow cytometry [98-100] was larger
than the genome assembly (534-578 vs. ~457 Mbp in M. balbisiana,
591-646 vs. ~469 Mbp in M. acuminata, and 704 vs. 515 Mbp in M.
schizocarpa). Variation in the size of the genome estimated among
methods might be affected by many factors, including the accu-
racy of flow cytometry, reference values used based on chemi-
cal measurements [101-103], variation among samples [100, 104],
reference genome staining, and errors in genome assembly. Re-
gardless of the method used to estimate the genome size, the
data indicate that M. beccarii has the largest genome size among
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Musa species [5, 98]. The relationship between genome sizes in
Musaceae species and their biological functions requires further
study. Furthermore, variation in the structure of the genome be-
tween M. beccarii and M. acuminata indicates that the large genome
of M. beccarii stemmed from changes in several chromosomes
(Supplementary Table S35).

Repetitive sequences, especially transposable elements (TEs),
are important elements driving genome expansion [105-107], at
least in species with genomes smaller than 5 Gbp [108]. We de-
tected a clear increase in the number and length of TEs in M.
beccarii, which is approximately 30 to 106 Mbp larger than those
of E. glaucum and the other 3 Musa species (Supplementary Ta-
ble S7; Fig. 3). Previous studies using low-coverage sequencing
have shown that M. beccarii contained the highest repetitive se-
quences among the 5 tested Musa species, including M. balbisiana
and M. acuminata [98]; this suggests that increases in repeti-
tive sequences might contribute to the larger genome size of M.
beccarii. Nevertheless, for each TE, only LTR-unknown and he-
litron were consistently more abundant in the M. beccarii genome
(51,552,844 bp and 15,898,685 bp, respectively) than in all genomes
examined (Supplementary Table S7). Using LTR markers, Hakki-
nen et al. [6] identified rich and distinct LTRs in M. beccarii, sug-
gesting diversification of LTRs, resulting in unknown LTRs in
M. beccarii.

The assembly revealed the presence of 3 pairs of 45S rDNA loci,
compared with only 1 in the other Musa and Ensete species as-
semblies, which is consistent with the in situ hybridization results
of Barto$ et al. [99]. The 45S rDNA on 3 chromosomes accounted
for 5.0% of the Illumina sequence reads in M. beccarii compared
with 1.2% in E. glaucum on 1 chromosome [19], so increased rDNA
copy number is responsible for some of the increase in genome
sequence size.

Gene family evolution

Gene family expansion due to duplications in Musa, including M.
beccarii, was mainly caused by ancient WGD events. TFs are abun-
dant in Musaceae species and higher than all the other monocots
used in our dataset, with the exception of Zingiber officinale (Fig. 2C,
Supplementary Table S9), which is a tetraploid species. The en-
richment analysis of M. beccarii revealed that genes encoding TFs
are some of the main genes retained following WGD events (Sup-
plementary Table S23; Supplementary Figs. S8 and S9A). The fact
that Musaceae species have experienced the same WGD events
indicates that the retained genes encoding TFs play key roles
in mediating adaptation to stress by TFs in Musaceae, which
is consistent with results of previous studies of the genomes
of M. acuminata and M. itinerans [11, 15]. To identify possible
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Figure 5: Dot plots of Musa beccarii and the other 4 species in Musaceae made using D-GENIES. The dot colors correspond to the similarity values,
which are binned into 4 groups. Highly conserved chromosomes between M. beccarii and the other Musa genomes are highlighted in red boxes.

duplications caused by polyploidies or aneuploidies, the mapping
results of Illumina WGS reads in the M. beccarii assembly were ex-
amined, including the mapping coverage distribution along the
chromosomes and the allele frequencies of single-nucleotide vari-
ants according to Busche et al. [109]. The mapping coverages were
constant along all chromosomes (Supplementary Fig. S13), and a
peak allele frequency of 0.5 was observed in all the chromosomes
(Supplementary Fig. S14), suggesting that no large segmental du-
plications have occurred in diploid M. beccarii.

We detected a contraction of gene families containing genes
involved in defense response, monoterpenoid biosynthesis, and
terpenoid backbone biosynthesis (Fig. 2C, and M. beccarii had
fewer genes than other Musaceae species; Supplementary Ta-
bles S18 and S19). Terpenoids are important natural products
[110-112]. They comprise diverse components and have various
applications, particularly for defense [111], acting as toxic com-

pounds against biological stress agents in plants. Aside from
terpenoid backbone and monoterpenoid biosynthesis, according
to KEGG, there are other terpenoid biosynthesis-related path-
ways, such as steroid biosynthesis (ko00100), ubiquinone and
other terpenoid-quinone biosynthesis (ko00130), limonene and
pinene degradation (ko00903), diterpenoid biosynthesis (ko00904),
brassinosteroid biosynthesis (ko00905), carotenoid biosynthesis
(ko00906), zeatin biosynthesis (ko00908), and sesquiterpenoid and
triterpenoid biosynthesis (ko00909). No gene families in these
pathways have undergone contraction. Because typical terpenoid
synthase genes are characterized by 2 conserved domains with
Pfam ID PF01397 and PF03936 [112], the comparison of the
genes with these domains in Musaceae revealed that the num-
ber of primary terpenoid synthase genes in M. beccarii is low
(Supplementary Table S9, Fig. 2C). Gene families that have un-
dergone significant expansion in M. beccarii, which are mostly
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involved in transcription, carbohydrate metabolism, and mem-
brane transport (Supplementary Tables S16, S17, Supplementary
Fig. S6), mediate various processes related to plant growth, de-
velopment, and defenses [113-116]. Therefore, genes in expanded
families might help balance the growth, development, and de-
fense in M. beccarii. We also examined NBS-LRR genes in M. bec-
carii and other species in the phylogeny (Fig. 2C). These genes in
M. beccarii were more abundant (179 genes according to sensi-
tive NLR-Annotator analysis [93] in the assembly) than in other
Musaceae (67-138 genes), although they were less abundant than
in most species out of Musaceae (Fig. 2C, Supplementary Table
S9). Therefore, combing Pfam annotation indicated that NBS-LRR
genes might not be a priority in disease defense in the family
Musaceae.

The cell wall as a defense (lipid metabolism and
adenosine triphosphate-binding cassette
transporters)

Although they do not play a direct role in defense, genes encod-
ing proteins that mediate the synthesis of substances such as
cutin, suberin, and wax play a critical role in “physical defense” in
plants [117-119]. They are lipids [117, 120] formed by fatty acids
and glycerol. They comprise the extracellular hydrophobic layer
of cell walls in plants, provide mechanical support, and protect
plants from desiccation, extreme temperatures, UV light, and at-
tack by pathogens and pests [117, 119]. According to the KEGG
PATHWAY database [121], lipid metabolism comprises 16 path-
ways, and genes involved in 14 of these pathways were identi-
fied in our study species (Supplementary Table S9). Comparative
analyses revealed that Musaceae species do not contain more

genes involved in these pathways than other species, and the
numbers of genes involved in fatty acid elongation (ko00062);
cutin, suberine, and wax biosynthesis (ko00073); glycerophospho-
lipid metabolism (ko00564); and ether lipid metabolism (ko00565)
pathways were only slightly higher in the genome of M. beccarii
than in the genomes of other Musaceae species (Fig. 2C).

Cell wall lipids need to be exported to the plant surface to
be synthesized in epidermal cells. Adenosine triphosphate (ATP)-
binding cassette (ABC) transporters are essentially required [117,
122]. G family ABC transporters are responsible for the secretion of
lipids [123]. We identified a large number of genes in the G family
of ABC transporters in all Musaceae species (Supplementary Ta-
ble S36, both InterPro and eggNOG annotations). The number of
ABC transporter genes was highest in Musaceae species according
to the eggNOG annotation; however, this was not observed when
other annotation pipelines were used. M. beccarii had the highest
number of ABC transporter genes according to the InterPro an-
notation. ABC transporters are one of the largest protein families
in nature [124]. They bind and hydrolyze ATP and mediate cellu-
lar transport processes [124, 125]. They transport molecules such
as ions, amino acids, sugars, lipids, peptides, proteins, and antibi-
otics. The expansion of ABC transporters has been shown to be
associated with increases in defenses against abiotic and biotic
stress in plants, which promotes adaptation [124, 126, 127].

Flavonoid biosynthesis as a defense

Flavonoids are a ubiquitous group of polyphenolic compounds
in plants. They are important secondary metabolites that have
been studied extensively from their biosynthesis to their bio-
logical activities [128-131], also in Musaceae species [132, 133].
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However, no comparative genomic studies of flavonoids have been
conducted among Musaceae species. We noticed significant gene
enrichment in flavonoid biosynthesis in M. beccarii (Supplemen-
tary Table S15). Genes involved in flavonoid biosynthesis are high
in Musaceae species, and the genome of M. beccarii contained the
second highest number of flavonoid biosynthesis genes (Supple-
mentary Table S9, Fig. 2C). The high number of flavonoid biosyn-
thesis genes in Musaceae species is majorly derived from the
genes encoding naringenin 7-O-methyltransferase (NOMT; KEGG
Orthology term K22440). NOMT can catalyze the methylation of
naringenin to produce sakuranetin (Supplementary Fig. S15), a
phytoalexin with strong antifungal activity [134]. Therefore, the
accumulation of NOMT genes involved in flavonoid biosynthesis
suggests that flavonoids are functionally important in the resis-
tance to disease in Musaceae and are potentially valuable compo-
nents of harvested Musa crop [135]. ABC transporters are key me-
diators of flavonoid transport in plants [136, 137]. Both flavonoid
biosynthesis and ABC transporter-related genes were enriched in
tandem and proximal duplications in M. beccarii (Supplementary
Tables S25 and S27). These 2 duplicates promote the evolution
of self-defense in plants [82]. Future studies are needed to evalu-
ate the presence/absence of flavonoid biosynthesis-related genes
among Musaceae and other species, as well as the expression pat-
terns and the biological/phenotypic effects of these genes, as such
studies will enhance our understanding of defense mechanisms
and other metabolic processes in Musaceae.

Musa beccarii has bright red flowers (Fig. 1). Anthocyanins are
important substances that affect flower colors [128, 138], and their
biosynthesis is closely associated with the flavonoid biosynthesis
pathway. Anthocyanins have been shown to affect the red peel of
Musa AAA Cavendish cv. Baxi [139] and the purple peel of M. itiner-
ans [140] fruits. We found that Musaceae species show little varia-
tion in the number of genes involved in anthocyanin biosynthesis
compared with the other species (Supplementary Table S9). Given
that flavonoid/anthocyanin biosynthesis is mostly regulated at
the transcriptional level [132, 141, 142], transcriptome compar-
isons among different tissues and species are needed to clarify
the formation of the red color in the flowers of M. beccarii.

Biosynthetic gene clusters

We identified diverse BGCs in Musaceae. BGCs are nonrandomly
ordered genes along chromosomes that may optimize the syn-
thesis of natural products in living organisms [143, 144]. The
most developed cluster in Musaceae BGCs comprises T3PKSs (Ta-
ble 2, Supplementary Table $32). T3PKSs are homodimer ketosyn-
thases widely distributed in plants, fungi, and bacteria [145].
They take part in various important biosynthesis of secondary
metabolites related to polyketides, facilitate the production of var-
ious natural products [146, 147], and play a role in defense re-
sponses and development [147-149]. In Musa, T3PKSs can initiate
phenylphenalenone biosynthesis; phenylphenalenones are major
phytoalexins involved in the defense against multiple pathogens
in Musa [149]. The T3PKS BGCs in Musa merit further investigation
because of their potential for enhancing defense systems.
Tomatine alike clusters were also abundant BGCs in Musa
species. Tomatine is a steroidal glycoalkaloid saponin in tomatoes
and other Solanum species [150, 151]. It has antipathogen and an-
tiherbivore properties and serves as a natural defense in plants
[151-153]. The primary genes involved in tomatine biosynthesis
are glycosyltransferases (GTs) [154, 155]. GTs mediate the glycosy-
lation of tomatidine, which is phytotoxic and a steroidal alkaloid
(SA), to promote tomatine formation, and they reduce the toxicity
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of SA metabolites to the plant cell [155-157]. Although a tomatine
alike steroidal saponin that has been shown to promote resistance
to black Sigatoka has been reported in M. acuminata [157], the BGC
containing the genes that mediate its synthesis remains poorly
resolved [158]. The BGCs characterized in the current study pro-
vide valuable resources for future studies of the biosynthesis of
this saponin in Musa.

GTs are ubiquitous enzymes that are involved in the synthe-
sis of various secondary metabolites in plants [159]. They gen-
erally function by glycosylating substrates with sugar moieties
attached to aglycones, which then form glycosidic bonds. Their
acceptor substrates can be sugars, lipids, proteins, nucleic acids,
antibiotics, or small molecules [160, 161]. Glycosylation is ren-
dered highly diverse by using various sugar moieties, and it can
play diverse roles in plant growth, development, and defense re-
sponses [162]. In M. beccarii, we detected highly abundant GT-
related genes (Supplementary Table S37, Fig. 2C), which might
underlie its ability to adapt to environmental conditions. Further-
more, GT family 61 (GT61) genes encode proteins involved in xy-
lan biosynthesis for the cell wall [163, 164]. Xylans are hemicel-
luloses that can affect cell wall recalcitrance and aid defense
against herbivores and pathogens [165]. The number of GT61
genes was highest in M. beccarii among Musaceae species (Sup-
plementary Table S37, Fig. 2C). DupGen_finder revealed that 32
(66.7%) of these genes were derived from ancient WGDs; this find-
ing is consistent with the results of a previous study showing that
the major duplication of GT families stemmed from WGD events
[164, 166]. Experimental studies are needed to fully characterize
BGCs.

Chromosomal rearrangements

We detected substantial numbers of chromosomal reorganization
events involving chromosomal fusion and fission in M. beccarii and
the other 3 Musa species (Figs. 4C and 6), and only 1 chromosome
remained largely intact. The extensive fusion/fission events be-
tween M. beccarii in the Musa section Callimusa and the other Musa
section Musa species are similar in number to those detected be-
tween Musa and Ensete (Figs. 4C, 5, and 6 and Supplementary Fig.
S12) and are not only a consequence of the reduced number of
chromosomes (x = 9 vs. x = 11). This finding strongly supports the
division of M. beccarii and the other studied Musa species into 2
different sections. Chromosomal fusion and fission are important
mechanisms of speciation [167-169]. However, our current ances-
tral reconstructions did not permit the numbers of ancestral chro-
mosomes between Musa sections or between Ensete species to be
inferred.

The high abundance and expansion of TEs might facilitate
evolutionary genome rearrangements in M. beccarii and be re-
sponsible for the large structural differences between M. beccarii
and other studied Musa species. Structural rearrangements me-
diated by various families of TE elements have been reported in
other plants [170, 171]; chromosome-scale assemblies anchored
by long-molecule sequencing will enable further study of the as-
sociation of TEs to chromosomal rearrangements.

Our findings indicated that Egcen centromeric tandemly re-
peated sequences of Ensete are absent in Musa [19]. Because these
repeats were also detected in Musella, which is the third genus
in the family Musaceae, one possible reason for the absence
of Egcen repeats in Musa might be the loss of segments stem-
ming from ancestral centromere breakage; this is plausible given
that centromeres are hotspots of chromosome rearrangements
[172, 173].
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Table 2: Possible biosynthetic gene clusters identified in Musaceae species. Tomatine 1 and 2 are tomatine clusters that locate in different

chromosomes when previously identified.

Cluster M. beccarii E. glaucum M. balbisiana M. acuminata M. schizocarpa
Saccharide 2 3 3 2 3
Solanum | tomatine 1 11 7 10 13 9
Solanum | tomatine 1-Saccharide 0 1 0 1 1
Solanum | tomatine 1-Tomatine 2 2 1 2 2 3
T3PKS 21 17 18 22 14
T3PKS-Saccharide 2 1 0 1 1
T3PKS-Solanum | tomatine 1 6 8 9 9 11
T3PKS-Solanum 1 tomatine 1-Tomatine 2 3 1 0 2 3
T3PKS-Terpene 0 0 1 1 0
T3PKS-Terpene-Solanum | tomatine 1 1 2 1 1 1
T3PKS-Tomatine 2 2 2 3 1 0
Terpene 3 6 8 8 7
Terpene-Solanum 1 tomatine 1 3 5 2 2 2
Terpene-Solanum | tomatine 1-Tomatine 2 1 0 1 0 0
Tomatine 2 8 4 6 6 6
Other 1 0 0 1 0
Other-Solanum 1 tomatine 1-Tomatine 2 0 1 0 0 1
Total 66 59 64 72 62

AS related to DNA repair systems

We detected AS in at least 11.7% of all the genes in M. beccarii.
However, this is underestimated because we did not examine the
transcriptomes of different tissues and different developmental
stages. The enrichment analysis of these genes with AS revealed
that they were involved in important cellular responses and DNA
repair systems, including DNA repair, nucleotide excision repair,
and replication and repair (Supplementary Tables S20 and S21). A
wide variety of stress conditions can induce DNA damage. DNA
repair systems are therefore important for maintaining the sta-
bility of chromosomes in eukaryotic cells [174-176]. AS is a post-
transcriptional mechanism that produces many functional pro-
teins from a limited number of genes. AS in M. beccarii plays a key
role in DNA repair pathways and other processes that mediate
evolutionary adaptation.

Conclusion

The assembly of a genome from a member of the section Cal-
limusa in the genus Musa is important for the development of a
pangenome model of Musaceae. The new data reveal extensive re-
arrangements and expansions, and they provide new insights into
the range of structural chromosome variation within the family
Musaceae. The genes and TFs identified and our structural analy-
sis of the genome are important for conserving biodiversity within
the genus Musa. Our findings also have implications for breeding
novel variants and addressing some of the major challenges faced
by banana crop production.
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Supplementary Table S30. KEGG enrichment results for DSD-type
genes.

Supplementary Table S31. Results of the syntenic block analysis.
Supplementary Table S32. Biosynthetic gene clusters in
Musaceae.

Supplementary Table S33. NLR-Annotator results in Musa beccaril.
Supplementary Table S34. NLR-Annotator results in Musaceae
using their predicted genes and comparison of the results using
the genomes.

Supplementary Table S35. Structure variations (SVs) detected by
SVanalyzer between Musa beccarii and Musa acuminata.
Supplementary Table S36. Summary of ABC transporter-related
genes.

Supplementary Table S37. Summary of glycosyltransferase
genes.

Supplementary Fig. S1. A scheme showing Musa beccarii genome
assembly.

Supplementary Fig. S2. (A) Nanica repetitive sequences and (B)
NBS-LRR genes identified by NLR-Annotator across the Musa bec-
carii genome.

Supplementary Fig. S3. Treemap showing hierarchy for GO terms
enriched for Musaceae-specific gene families of Musa beccarii in
biological process.

Supplementary Fig. S4. Upset plot showing the intersection of the
gene family in Musa. Musa species are presented in the rows, and
the bar beside each species shows its total gene number. Black cir-
cles and vertical lines between the rows represent the intersection
of gene families between species. Barplot indicates the total gene
family count in each intersection.

Supplementary Fig. S5. Summary of GO annotations of Musaceae
shared genes.

Supplementary Fig. S6. Treemap showing hierarchy for GO terms
enriched with significantly expanded gene families in biological
process.

Supplementary Fig. S7. Treemap showing hierarchy for GO
terms enriched with alternative splicing genes in biological
process.

Supplementary Fig. S8. Treemap showing hierarchy for GO terms
enriched with genes related to WGD in biological process.
Supplementary Fig. S9. KEGG enrichment for genes related to
(A) whole-genome duplication, (B) tandem duplications, (C) prox-
imal duplications, and (D) dispersed duplications tested by Dup-
Gen_Finder.

Supplementary Fig. S10. Treemap showing the hierarchy for GO
terms enriched with genes related to tandem duplications in bio-
logical process.

Supplementary Fig. S11. Treemap showing the hierarchy for GO
terms enriched with genes related to dispersed duplications in bi-
ological process.

Supplementary Fig. S12. Synteny plot (Synvisio) between Ensete
glaucum (egxx) and Musa acuminata (mpxx), Musa beccarii (bexx)
genomes. Syntenic blocks of high homology are indicated by uni-
formly colored areas in the graphs.
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Supplementary Fig. S13. Coverage distributions of Illumina WGS
reads mapping against Musa beccarii assembly.

Supplementary Fig. S14. Histograms showing the allele frequen-
cies of SNVs (single-nucleotide variants) obtained from the Illu-
mina WGS reads mapping against the Musa beccarii assembly.
Supplementary Fig. S15. KEGG pathway of flavonoid biosynthesis.
In the pathway, the genes identified in Musa beccarii are boxed in
green or pink colors.
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