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Abstract

Background: Bombax ceiba L. (the red silk cotton tree) is a large deciduous tree that is distributed in tropical and sub-tropical
Asia as well as northern Australia. It has great economic and ecological importance, with several applications in industry
and traditional medicine in many Asian countries. To facilitate further utilization of this plant resource, we present here
the draft genome sequence for B. ceiba. Findings: We assembled a relatively intact genome of B. ceiba by using PacBio
single-molecule sequencing and BioNano optical mapping technologies. The final draft genome is approximately 895 Mb
long, with contig and scaffold N50 sizes of 1.0 Mb and 2.06 Mb, respectively. Conclusions: The high-quality draft genome
assembly of B. ceiba will be a valuable resource enabling further genetic improvement and more effective use of this tree

species.
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Introduction

Bombax ceiba Linn. (Malvaceae), commonly known as the cot-
ton tree or red silk cotton tree, is a spectacular flowering tree
with a height of up to 40 meters (Fig. 1a) that is found in trop-
ical and sub-tropical Asia as well as northern Australia [1]. It

has been chosen as the “city flower” of the cities of Kaohsiung
and Guangzhou for its large, showy flowers with thick, waxy,
red petals that densely clothe leafless branch tips in late win-
ter and early spring (Fig. 1b, c). B. ceiba is a source of food, fod-
der, fiber, fuel, medicine, and many other valuable goods for
natives of many Asian countries [2]. For example, its fruits are
good sources of silk-cotton for making mattresses, cushions, pil-
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Figure 1: Example of the red silk cotton tree (B. ceiba). A) Natural habitat of B. ceiba (image from Guanglong Ou). B) B. ceiba used as municipal greening trees (image from

Jianmei Wu). C) The flower of B. ceiba (image from Renbin Zhu).

lows, and quilts [3], while its timbers are widely used in matches,
boxes, and splints [4]. Moreover, studies on the cotton tree have
shown that it produces many novel secondary metabolites and
have explored its traditional medicinal usage by various tribal
communities [1, 2, 5, 6]. In addition to its economic and medic-
inal value, B. ceiba is an ecologically important plant: it is a re-
forestation pioneer that survives easily in low-rainfall and well-
drained conditions [7] and has been identified as a plant species
suitable for municipal greening because of its capacity to coun-
teract the detrimental effects of air pollution [8, 9].

Despite the considerable economic and ecological impor-
tance of B. ceiba, the genomic information available for this
species is limited, which has hindered its utilization. Here we
report a draft genome sequence for B. ceiba that is expected to
facilitate and expand its use.

All samples were collected from Yuanmou, Yunnan Province,
China (25°40'50.06” N, 101°53'27.76" E). Genomic DNA was ex-
tracted from leaves of a single tree using the Plant Genomic DNA
kit (Tiangen, Beijing, China). A SMRTbell DNA library was then
prepared and sequenced using P6, C4 chemistry according to the
manufacturer’s protocols (Pacific Biosciences, CA, USA), and a

20-kb SMRTbell library was generated using a BluePippin DNA
size selection instrument (Sage Science, MA, USA) with a lower
size limit of 10 kb. Single-molecule real-time sequencing of long
reads was conducted on a PacBio Sequel platform with 19 SMRT
cells. A total of 86.0 Gb of genomic data with an average read
length of 8.4 kbwas generated after quality filtering (Supplemen-
tary Table S1). In addition, a separate paired-end (PE) DNA library
with an insert size of 400 bp (amplification by eight PCR cycles)
was constructed and sequenced using the Illumina platform (PE
150) to enable a genome survey. The NGS sequencing produced
36.1 Gb of raw data, of which 20.0 Gb remained after filtering.

Total RNA was extracted from the bud, root, bark, flower,
and fruit tissues of one B. ceiba individual using the QIAGEN
RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany). RNA-seq li-
braries were then prepared using the TruSeq RNA Library Prepa-
ration Kit ([llumina, CA, USA), and paired-end sequencing with a
read length of 150 bp was conducted on the HiSeq 2000 platform,
yielding 44.41 Gb of clean data (30,816,034—51,191,192 reads per
sample) (Supplementary Table S2).

The genome size of B. ceiba was estimated by the K-mer method
[10] using sequencing data from the Illumina DNA library.



Quality-filtered reads were subjected to 17-mer frequency distri-
bution analysis using the Jellyfish program [10]. The count dis-
tribution of 17-mers followed a Poisson distribution, with the
highest peak occurring at a depth of 22 (Supplementary Ta-
ble S3 and Fig. S1). The estimated genome size was approxi-
mately 809,166,127 bp, and the heterozygosity rate of the B. ceiba
genome was approximately 0.88%.

Genome assembly was performed on full PacBio long reads
using FALCON v0.3.0 [11]. Error correction and pre-assembly
were carried out with the FALCON pipeline after evaluating
the outcomes of using different parameters in FALCON during
the pre-assembly process. Based on the contig N50 results, a
length_cutoff of 11kb and a length_cutoff_pr of 11.5kb for the as-
sembly step were ultimately chosen. The draft assembly was
polished using Arrow [12], which mapped the PacBio reads to
the assembled genome with the Blasr pipline [13]. The prelimi-
nary genome assembly was approximately 852 Mb in size, with
a contig N50 size of 727 kb. A GC depth analysis was conducted
to assess the potential contamination during sequencing and
the coverage of the assembly, revealing that the genome had
an average GC content of 33.3% and a unimodal GC content
distribution (Supplementary Fig. S2). The GC depth as well as
the sequencing depth of the genome assembly suggested that
there was no contamination from other species (Supplemen-
tary Fig. S3). To further assess contaminations, we searched
all sequences of the genome assembly against the NCBI non-
redundant nucleotide database (Nt) with BLASTN [14] (E-value <
le-5). In total, 2,494 significant hits were achieved. The top-hit
species were Theobroma cacao and Gossypium species, compris-
ing more than 69% ( 1,733 hits) of the hits (Supplementary Ta-
ble S4). Only five hits from four non-plant species (Psyllidae sp.,
Trioza eugeniae, Diptacus sp., and Dichorragia nesimachus) were de-
tected (Supplementary Table S4), suggesting there was no po-
tential contamination from non-plant species in the genome of
Bombax ceiba.

The purified genomic DNA of B. ceiba was embedded in an
agarose layer, digested with Nt. BspQI enzyme, and labeled. The
molecules were counterstained using the protocol provided with
the IrysPrep Reagent Kit (BioNano Genomics, San Diego, USA).
Samples were then loaded into IrysChips and imaged on an Irys
imaging instrument (BioNano Genomics, San Diego, USA). After
filtering using a molecule length cutoff of <150kb, a molecule
SNR of <2.75, a label SNR of <2.75, and a label intensity of >0.8,
160.0 Gb of BioNano clean data were obtained, with the N50 size
of the labeled single molecules being 269.9 kb (Supplementary
Table S5).

A molecular quality report was generated by aligning the Bio-
Nano library sequences to the initial PacBio genome assembly,
yielding a map rate of 34.2%. Using the PacBio genome assem-
bly data as a reference, a reference genome assembly was con-
ducted based on the clean BioNano data. A genome map consist-
ing of 2,023 consensus maps was assembled, yielding a genome
size of 1.09 Gb with an N50 size of 0.7 Mb. The average molecule
coverage depth of the genome map was about 27 folds. To ob-
tain a longer scaffold, the de novo assembly of PacBio reads was
then mapped to the BioNano single-molecule genomic map. Af-
ter scaffolding, the contig assembly contained 3,105 scaffolds
with a scaffold N50 of 1.5 Mb.

To fill the gaps in the scaffolds, the Blasr pipline [13] was used
to map the PacBio long reads to the draft genome assembly scaf-
folding with BioNano optical mapping. The draft was polished
using PBJelly 2 (PBJelly, RRID:SCR_012091) [15] over three itera-
tions. Reads from the Illumina DNA library (400bp) were then
aligned against the genome assembly using the BWA software
(BWA, RRID:SCR_010910) to fill the gaps and correct potential se-
quencing errors of the assembly, and a mapping rate of 99.2%
was achieved [16]. The final assembly was polished using Pilon
[17], yielding a final draft genome of approximately 895 Mb, with
contig and scaffold N50 sizes of 1.0 Mb and 2.06 Mb, respectively
(SupplementaryTable S6).

To evaluate the coverage of the assembly, we aligned all the RNA-
seq reads against the B. ceiba genome assembly using HISAT [18]
with default parameters. The percentage of aligned reads ranged
from 84.78% to 91.08% (Supplementary Table S2). We then used
Benchmarking Universal Single-Copy Orthologs (BUSCO, RRID:
SCR-015008) [19] to search the annotated genes in the assem-
bly for the 1,440 single-copy genes conserved among all em-
bryophytes. About 94.4% of the complete BUSCOs were found in
the assembly (Supplementary Table S7). These results suggested
that the genome assembly was complete and robust.

The repeat sequences in the genome consisted of simple se-
quence repeats (SSRs), moderately repetitive sequences, and
highly repetitive sequences. The MISA tool [20] was used to
search for SSR motifs in the B. ceiba genome, with default pa-
rameters. A total of 454,435 SSRs were identified in this way:
310,369, 105,004, 30,925, 6,448, 1,165,and 524 mono-, di-, tri-,
tetra-, penta-, and hexa-nucleotide repeats, respectively (Sup-
plementary Table S8).

To identify known transposable elements (TEs) in the B. ceiba
genome, RepeatMasker (RepeatMasker, RRID:SCR-012954) [21]
was used to screen the assembled genome against the Rep-
base (v. 22.11) [22] and Mips-REdat libraries [23]. In addition,
de novo evolved annotation was performed using RepeatMod-
eler v. 1.0.11 (RepeatModeler, RRID:SCR_015027) [21]. The com-
bined results of the homology-based and de novo predictions in-
dicated that repeated sequences account for 60.30% of the B.
ceiba genome assembly (Supplementary Table S9), with long ter-
minal repeats accounting for the greatest proportion (47.86%)
(Supplementary Table S9).

Homology-based ncRNA annotation was performed by map-
ping plant rRNA, miRNA, and snRNA genes from the Rfam
database (release 13.0) [24] to the B. ceiba genome using BLASTN
[14] (E-value < 1e-5). tRNAscan-SE v1.3.1 (tRNAscan-SE, RRID:
SCR.010835) [25] was used (with default parameters for eukary-
otes) for tRNA annotation. RNAmmer v1.2 [26] was used to pre-
dict fRNAs and their subunits. These analyses identified 496
miRNAs, 894 tRNAs, 6,772 rRNAs, and 727 snRNAs (Supplemen-
tary Table S10).

The homology-based and de novo predictions were also used
to annotate protein coding genes. For homology-based predic-
tions, protein sequences from four species (Arabidopsis thaliana,
Carica papaya, Gossypium arboretum, and T. cacao) (Supplementary
Table S11) were mapped onto the B. ceiba genome; the aligned
sequences and the corresponding query proteins were then fil-
tered and passed to GeneWise v2.4.1 (GeneWise, RRID:SCR_01505
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4) [27] to search for accurately spliced alignments. For the de novo
predictions, we first randomly selected 1,000 full-length genes
from the homology-based predictions to train model parameters
for Augustus v3.0 (Augustus: Gene Prediction, RRID:SCR-008417)
[28], GenelD v1.4.4 [29], GlimmerHMM (GlimmerHMM, RRID:SC
R_002654) [30], and SNAP [31]. Augustus v3.0 [28], GenelD v1.4.4
[29], GlimmerHMM [30], and SNAP [31] were then used to pre-
dict genes based on the training set. Finally, EVidenceModeler
v1.1.1 [32] was used to integrate the predicted genes and gener-
ate a consensus gene set (Supplementary Table S11). Genes with
TEs were discarded using the TransposonPSI [33] package. Low-
quality genes consisting of fewer than 50 amino acids and/or
exhibiting premature termination were also removed from the
gene set, yielding a final set of 52,705 genes. The final set’s aver-
age transcript length, average CDS length, and exon number per
gene were 2,418.37 bp, 1,019.38 bp, and 4.57, respectively (Sup-
plementary Table S12 and Fig. S4).

The annotations of the predicted genes of B. ceiba were
screened for homology against the Uniprot (release 2017.10)
and KEGG (release 84.0) databases using Blastall [14] and KAAS
[34]. Then, the InterProScan (InterProScan, RRID:SCR_005829)
[35] package was used to annotate the predicted genes using the
InterPro (5.21-60.0) database. In total, 47,105 of the total 52,705
genes (89.37 %) were annotated with potential functions (Sup-
plementary Table S13).

To investigate the evolutionary position of B. ceiba, we compared
its genome to the genome sequences of 12 other plants. These
included four plants in the Malvales order (Gossypium arboreum,
Durio zibethinus, Corchorus olitorius, and T. cacao), seven plants
from different orders in the same Eudicots clade (Arabidopsis
thaliana, Carica papaya, Linum usitatissimum, Populus trichocarpa,
Camellia sinensis, Solanum lycopersicum, and Vitis vinifera), and
Oryza sativa as an outgroup. Genome sequences from A. thaliana,
T. cacao, C. papaya, L. usitatissimum, P. trichocarpa, C. sinensis, S. ly-
copersicum, V. vinifera, and O. sativa were downloaded from Phy-
tozome v. 12.0 [36]. Gene sequences of G. arboreum, C. olitorius,
and D. zibethinus were downloaded from the NCBI Database (PR-
JNA335838, PRJNA215141 and PRJNA400310). We used the Or-
thoMCL (v2.0.9) pipeline (OrthoMCL DB: Ortholog Groups of Pro-
tein Sequences, RRID:SCR-007839) [37] (BLASTP E-value < le-—5)
to identify potentially orthologous gene families within these
genomes. Gene family clustering identified 16,586 gene families
containing 37,736 genes in B. ceiba (Fig. 2a). Of these, 906 gene
families were unique to B. ceiba (Supplementary Table S14). B.
ceiba and other Malvales plants had the largest number of shared
gene families among the studied plants.

Phylogenetic analysis was performed using 172 single-copy
orthologous genes from common gene families found by Or-
thoMCL [37] (Supplementary Fig. S5). We codon-aligned each
gene family using MUSCLE (MUSCLE, RRID:SCR-011812) [38] and
curated the alignments with Gblocks v0.91b [39]. Phylogeny
analysis was performed using RAXML (RAXML, RRID:SCR-006086)
v 8.2.11 [40] with the GTRGAMMA model and 100 bootstrap repli-
cates. We then used MCMCTREE as implemented in PAML v4.9e
(PAML, RRID:SCR_014932) [41] to estimate the divergence times
of B. ceiba from the other plants. The parameter settings of
MCMCTREE were as follows: clock = 2, RootAge < 1.73, model
= 7, BDparas = 110, kappa.gamma = 62, alpha_gamma = 11,
rgene_gamma = 23.18, and sigma2_gamma = 14.5. In addition,
the divergence times of O. sativa (148-173 Mya), V. vinifera (110-

124 Mya),and A. thaliana (53-82 Mya) were used for fossil cali-
bration. The phylogenetic analysis showed that B. ceiba is more
closely related to G. arboraum than to D. zibethinus (Supplemen-
tary Fig. S6), which supports the well-established hypothesis of a
close relationship between Bombacaceae and Malvaceae [42, 43].
Recent phylogenetic studies have suggested that the group tra-
ditionally referred to as Bombacaceae (which includes the tribe
Durioneae) is not actually monophyletic, and that the genera
of the tribe Durioneae should be excluded from Bombacaceae.
Most members of the erstwhile family Bombacaceae have been
transferred to the subfamily Bombacoideae within the family
Malvaceae [43]. This phylogenetic ordering was supported by our
phylogenetic analysis of the complete chloroplast genomes of
Marvel plants [44]. The estimated divergence time of B. ceiba and
D. zibethinus was 29.5 Mya, while that of B. ceiba and G. arboretum
was about 20.6 Mya (Fig. 2b).

B. ceiba is an ecologically important plant that could survive in
extreme climate conditions, such as hot-dry valleys [7]. Accord-
ing to the neutral theory of molecular evolution [45], the ratio
of nonsynonymous substitution rate (Ka) and synonymous sub-
stitution rate (Ks) of protein coding genes can be used to iden-
tify genes that show signatures of natural selection. We calcu-
lated average Ka/Ks values and conducted the branch-site like-
lihood ratio test using Codeml implemented in the PAML pack-
age [41] to identify positively selected genes in the B. ceiba lin-
eage. These genes might contribute to the adaption to unfavor-
able environments. Thirty-six genes with signatures of positive
selection were identified (P < 0.05), of which 32 genes could be
annotated with potential functions in the Swissport database
(Supplementary Table S15). One gene is homologous to a desic-
cation protectant protein coding gene (Leal4). There is a strong
association of LEA proteins with abiotic stress tolerance, partic-
ularly during dehydration and cold stress [46]. This gene could
potentially contribute to the adaption of B. ceiba to the dry val-
ley environment. Another gene showing signs of positive se-
lection is homologous to the gene coding for Kelch domain-
containing protein 4. The Kelch domain-containing proteins are
involved in regulating major processes such as growth, devel-
opment, and biotic and abiotic stress responses in plants [47,
48]. Some researchers suggested that the E3 ubiquitin-protein
ligase (RFWD3) has potential roles in plant stress responses [49,
50]. Twenty-one positively selected sites were identified in the
CACTIN protein coding gene. The CACTIN protein was charac-
terized as a negative regulator of many different developmental
processes, such as embryogenesis [51]. While literature reports
are rare, other identified genes might also be associated with the
ecological adaption of B. ceiba. It should be noted that this is just
a preliminary analysis of the functions of these genes; further
studies would be needed to clarify their roles.

We used 4DTv estimation to detect WGD events in the B. ceiba
genome. To this end, paralogous sequences of B. ceiba, T. ca-
cao, V. vinfira, S. lycopersicum, and D. zibethinus was identified
with OrthoMCL [37]. Then, protein sequences for each of these
plants were aligned against each other with Blastp [14] (using
an E-value threshold of <le-5) to identify conserved paralogs
in each species. Finally, potential WGD events in each genome
were evaluated based on their 4DTv distribution. The WGD anal-


https://scicrunch.org/resolver/RRID:SCR_015054
https://scicrunch.org/resolver/RRID:SCR_008417
https://scicrunch.org/resolver/RRID:SCR_002654
https://scicrunch.org/resolver/RRID:SCR_005829
https://scicrunch.org/resolver/RRID:SCR_007839
https://scicrunch.org/resolver/RRID:SCR_011812
https://scicrunch.org/resolver/RRID:SCR_006086
https://scicrunch.org/resolver/RRID:SCR_014932

(@) (b)

eqeo g

Gaoetal. | 5

B. ceiba
20.6 (10.3-36.2)

G. arboreum

29.5(17.1-48.4)

D. zibethinus

37.1(22.6-59.9)

T. cacao

406 (25.0, 64.4)

—— . 0itOriUS

e 89.9 (71.6-105.3)

—* 69.36 (53.9-81.9)

93.4 (74.9-108.6)

C. papaya

A. thaliana

P. trichocarpa

—Iegs 41.4-905
= 108.4 (89.5-121.1) { ) L usitatissimum

116.6 (109.9-123.9) S. lycopersicum
_I 82.2 (50.2-104.6)
C. sinensis
- 161.2 (148.1-173.1)
V. vinifera
O.sativa
Divergence Time(Mya)
200 175 150 125 100 75 50 25 0

Speciation event
17.5

15.0

015)

25 Recent duplication

/%) of

= B. ceiba

== D). zibethinus

= D. zibethinus vs. B. ceiba
= S. lycopersicum

= S. lycopersicum vs. B. ceiba
== \/. vinifera

== V. vinifera vs. B.ceiba

Ancient duplication

0.8

4DTv

Figure 2: Phylogenetic relationships and genomic comparisons between B. ceiba and other plants. A) A Venn diagram of shared gene families between B. ceiba and
three other Malvales plants, with A. thaliana as an outgroup. Each number represents a gene family number. B) Inferred phylogenetic tree across 13 plant species. The
estimated divergence time (Mya) is shown at each node. C) Whole-genome duplication (WGD) events of four plants (B. ceiba, D. zibethinus, S. lycopersicum, and V. vinifera)
inferred by four-fold synonymous third-codon transversion (4DTv) estimations. Peaks corresponding to speciation, recent, and ancient WGDs are indicated by arrows.

ysis suggested that B. ceiba experienced the same WGD events
as other Dicotyledons, and that B. ceiba and D. zibethinus went
through their WGD events before diverging from their common
ancestor (Fig. 2c).

The OrthoMCL gene family analysis results were analyzed
further by using Computational Analysis of Gene Family Evolu-
tion, v3.0 [52] to detect expanded gene families. This approach
revealed 5,612 expanded gene families and 1,902 contracted
gene families in the B. ceiba lineage (Supplementary Fig. S7).

Conclusion

This paper reports the sequencing, assembly, and annotation of
the B. ceiba genome along with details of its evolutionary history.

The genomic data generated in this work will be a valuable re-
source for further genetic improvement and effective use of the
red silk cotton tree.

Availability of supporting data

The raw data from our genome project was deposited in the
SRA (Sequence Read Archive) database of National Center for
Biotechnology Information with Bioproject ID PRJNA429932. The
assembly and annotation of the B. ceiba genome and other sup-
porting data, including BUSCO results, are available in the Giga-
Science database, GigaDB [53]. Versions and main parameters of
the software used in this study are provided in Supplementary
Table S16.



Figure S1. Frequency distribution of the 17-mer graph analysis
used to estimate the size of the B. ceiba genome.

Figure S2. GC content distribution of the B. ceiba genome. The
GC content was established using 500-bp slidingwindows.
Figure S3. The GC depth distribution of the B. ceiba genome.
Figure S4. Comparison of gene structure characteristics in B.
ceiba to thatin other plants. a, CDS length; b, exon length; c, exon
number; d, gene length; e, intron length.

Figure S5. Gene orthology determined by comparing genomes
using the OrthoMCL software.

Figure S6. The maximum-likelihood phylogeny of B. ceiba and 13
other plants.

Figure S7. Gene family expansions and contractions in B. ceiba
and 13 other plants.

Table S1. Sequencing statistics from the PacBio platform.

Table S2. Summary of the transcriptomes and their mapping
rates on the genome assembly.

Table S3. Estimation of genome size based on 17-mer statistics.
Table S4. Blast results of B. ceiba genome against the NCBI Nt
database.

Table S5. Summary of the BioNano optical mapping data.

Table S6. Summary of the final genome assembly.

Table S7. Summary of BUSCO analysis results.

Table S8. Summary of the SSR search results.

Table S9. Repeat annotation of the B. ceiba genome assembly.
Table S10. Summary of non-protein-coding gene annotations in
the B. ceiba genome assembly.

Table S11. Gene annotation statistics of the B. ceiba genome as-
sembly.

Table S12. Comparative gene statistics.

Table S13. Functional annotation of predicted genes of B. ceiba.
Table S14. Summary statistics of gene families in 13 plant
species.

Table S15. Candidate positively selected genes in the B. ceiba lin-
eage.

Table S16. Versions and main parameters of the software used
in this study.

SMRT: single molecule real time; 4DTv: four-fold synonymous
third-codon transversion.
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