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SUMMARY

Australian pine (Casuarina spp.) is extensively planted in tropical and subtropical regions for wood produc-
tion, shelterbelts, environmental protection, and ecological restoration due to their superior biological char-
acteristics, such as rapid growth, wind and salt tolerance, and nitrogen fixation. To analyze the genomic
diversity of Casuarina, we sequenced the genomes and constructed de novo genome assemblies of the
three most widely planted Casuarina species: C. equisetifolia, C. glauca, and C. cunninghamiana. We gener-
ated chromosome-scale genome sequences using both Pacific Biosciences (PacBio) Sequel sequencing and
chromosome conformation capture technology (Hi-C). The total genome sizes for C. equisetifolia, C. glauca,
and C. cunninghamiana are 268 942 579 bp, 296 631 783 bp, and 293 483 606 bp, respectively, of which
25.91, 27.15, and 27.74% were annotated as repetitive sequences. We annotated 23 162, 24 673, and 24 674
protein-coding genes in C. equisetifolia, C. glauca, and C. cunninghamiana, respectively. We then collected
branchlets from male and female individuals for whole-genome bisulfite sequencing (BS-seq) to explore the
epigenetic regulation of sex determination in these three species. Transcriptome sequencing (RNA-seq)
revealed differential expression of phytohormone-related genes between male and female plants. In sum-
mary, we generated three chromosome-level genome assemblies and comprehensive DNA methylation and
transcriptome datasets from both male and female material for three Casuarina species, providing a basis
for the comprehensive investigation of genomic diversity and functional gene discovery of Casuarina in the
future.

Keywords: Casuarina, whole-genome assembly, chromosome conformation capture technology, PacBio
single-molecular long-read technology (SMRT) sequencing, whole-genome bisulfite sequencing.

INTRODUCTION . . .
tropical and subtropical coastal areas for use as wind-

The 96 members of the Casuarinaceae family are grouped
into four genera: Allocasuarina L. A. S. Johnson, Casuarina
L., Ceuthostoma L. A. S. Johnson, and Gymnostoma L. A.
S. Johnson (Sogo et al., 2001). Casuarina is comprised of
17 species (karyotypes: 2n=18) (Jarolimova, 1994;
Yasodha et al., 2004), most of which originate in southeast
Asia, tropical and subtropical coastal Australia, and the
Pacific islands (Ho et al., 2002; Wheeler et al., 2011). Many
Casuarina species are cultivated as pioneer trees along

breaks and sand-shifting controls due to their high toler-
ance for extreme environmental conditions, such as
typhoons, high salinity, low-nutrient sandy soils, and
drought (Scotti-Campos et al., 2016; Van der Moezel
et al., 1989). The leaves of Casuarina trees are reduced to
lanceolate scales, with their needle-like branchlets being
the actual photosynthetic organs, thereby reducing evapo-
transpiration and contributing to the adaptation of these
trees to high temperatures (Zhong et al., 2013) and strong
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winds or typhoons from the sea (Zhong et al., 2010). Large
Casuarina trees, especially C. equisetifolia L., C. glauca Sie-
ber ex Spreng., and C. cunninghamiana Miq., are widely
cultivated in poor habitats due to their superior biological
characteristics, such as rapid growth, wind and salt toler-
ance, and nitrogen fixation (Goel & Behl, 2005; He
et al., 2005; Pinyopusarerk et al., 2004). Extensive studies
have been performed on the nitrogen-fixing root nodules
of C. glauca (Abdel-Lateif et al., 2013) and C. cunninghami-
ana (Davenport, 1960), which are derived from a symbiotic
relationship with the nitrogen-fixing actinomycete Frankia.
Other research topics include the dissection of salt stress
tolerance in C. equisetifolia (Ngom et al., 2016; Tani &
Sasakawa, 2003). However, it is difficult to explore the
molecular basis of these physiological responses without a
reference genome. We previously reported the first
scaffold-level genome assembly of C. equisetifolia, achiev-
ing a scaffold N50 size of 1.06 Mb, largely based on short
Illumina reads (Ye et al., 2019). With the development of
long-read technologies, both the contiguity and precision
of genome assemblies can now be improved. Moreover,
genome sequences or assemblies have not been reported
for C. glauca or C. cunninghamiana.

Like other members of the Casuarinaceae (Broad-
hurst, 2012), C. equisetifolia is predominantly a dioecious
species, but monoecy does occur. The proportion of
monoecious individuals in a given stand varies consider-
ably from less than 10% (Luechanimitchit & Luangviriya-
saeng, 1996) to as high as 80%, observed on the island
of Guam (Schlub et al., 2010). The male and female inflo-
rescences of monoecious C. equisetifolia individuals
flower synchronously, and a selfing rate of up to 42%
was detected, underscoring their high self-compatibility
(Zhang et al., 2016). C. glauca and C. cunninghamiana
are also primarily dioecious (Wilson & Johnson, 1989);
however, their reproductive biology has not been exten-
sively described.

Previous studies reported multiple methods of identi-
fying Casuarina species (Ghosh et al., 2011). The extent of
genetic diversity in C. equisetifolia, C. cunninghamiana,
and C. glauca has been investigated using random ampli-
fied polymorphic DNA markers (Ho et al., 2002; Ndoye
et al., 2011), inter-simple sequence repeat (ISSR) markers
(Rasmi et al., 2011), ISSR-PCR (Yasodha et al., 2004),
sequence-characterized amplified region (SCAR) markers
(Ghosh et al., 2011), and expressed sequence tag (EST)-
SSRs (Li et al., 2018; Xu et al., 2018; Yu et al., 2020; Zhang
et al., 2020). The transcripts expressed in the nodules of C.
glauca have been identified by comparing sets of ESTs
prepared from roots with or without nodules (Hocher
et al., 2006). Several studies have also focused on the
mechanisms of salt tolerance (Fan et al., 2018; Tani &
Sasakawa, 2006; Wang, Zhang, Fan, et al., 2021; Wang,
Zhang, Qiu, et al., 2021), cold tolerance (Li et al., 2017), and

wood formation (Vikashini et al., 2018; Ye et al., 2019) in C.
equisetifolia. Genes related to actinorhizal nodule develop-
ment in C. glauca have also been reported (Clavijo
et al., 2015; Diédhiou et al., 2014; Ghodhbane-Gtari et al.,
2019; Hocher et al., 2011; Laplaze, Duhoux, et al., 2000;
Laplaze, Ribeiro, et al., 2000; Obertello et al., 2003; Péret
et al., 2007; Zhong et al., 2013), in work that has benefited
greatly from the availability of a genetic transformation
system for this species (Clavijo et al., 2015; Le et al., 1996;
Péret et al., 2007; Santi et al., 2003; Svistoonoff et al., 2010;
Zhong et al., 2013). Knockdown of genes of interest has
been achieved by RNA interference to investigate nodula-
tion mechanisms in C. glauca; for example, knockdown of
a chalcone synthase gene decreased flavonoid levels and
resulted in severely impaired nodulation (Abdel-Lateif
et al., 2013).

A chromosome-scale genome assembly of Casuarina
is still lacking, which hampers functional genomics-
empowered discovery of mechanism behind stress toler-
ance in C. equisetifolia and the nitrate signaling pathway
of C. glauca and C. cunninghamiana. Our goal was there-
fore to produce chromosome-scale genomes to accelerate
molecular studies of Casuarina. Here, we report
chromosome-scale genome assemblies of C. equisetifolia,
C. glauca, and C. cunninghamiana obtained using a combi-
nation of Pacific Biosciences (PacBio; Menlo Park, CA,
USA) single-molecule real-time (SMRT) long-read sequenc-
ing, high-throughput chromosome conformation capture
sequencing (Hi-C), and Illumina (San Diego, CA, USA)
short-read sequencing. We also performed genome-wide
bisulfite sequencing (BS-seq) analyses to identify the dif-
ferences in DNA methylation profiles between male and
female plants from the three species, whose epigenetics
were previously unexplored. Finally, we investigated the
relationship between gene expression and DNA methyla-
tion using the above BS-seq data and by producing tran-
scriptome sequencing (RNA-seq) datasets, offering
preliminary clues about epigenetic regulation of gene
expression in C. equisetifolia, C. glauca, and C. cunning-
hamiana. In conclusion, the availability of de novo
chromosome-scale genome assemblies for the three spe-
cies developed in this work will complement the previously
developed genetic transformation system for C. glauca and
facilitate the elucidation of the molecular mechanisms
involved in stress tolerance, wood formation, nitrate sig-
naling, and sex determination in Casuarina.

RESULTS

Morphology and genome survey of the three species

C. equisetifolia, C. glauca, and C. cunninghamiana are
important species used in ecological restoration. The
branchlets of the three species present different morphol-
ogies (Figure 1a), with C. equisetifolia producing the
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Figure 1. Morphological characteristics of C. equisetifolia, C. glauca, and C. cunninghamiana. (a) Branchlets of each species. (b) Branchlet length, diameter,
internode length, and number of tooth-like leaves present in 5-year-old plants of each species. Asterisks represent significant differences (Student’s t-test). (c)
Branchlets observed under a microscope. (d) Height and diameter at breast height (DBH) of 6-year-old plants.

shortest branchlets, C. glauca forming the thickest and lon-
gest branchlets, and C. cunninghamiana presenting the
thinnest branchlets with the shortest internodes
(Figure 1b). The branchlets of each species are surrounded
by tiny tooth-like leaves, whose diminutive nature may
help reduce water loss; however, the tooth-like leaf tips
and leaf sheaths differ between the species (Figure 1b,c),
suggesting an underlying genetic diversity. C. glauca has
the most tooth-like leaves of the three species (Figure 1c).
C. equisetifolia is taller and has a greater diameter at
breast height (DBH) than C. glauca or C. cunninghamiana
(Figure 1d). C. equisetifolia trees can be male, female, or
monoecious, while C. glauca and C. cunninghamiana trees
are almost exclusively diecious. The extent of phenotypic
variation observed above within Casuarina suggests
underlying genetic differences among the three species.
We selected only female individuals from diecious species
for genome sequencing. Epigenetic regulatory mecha-
nisms play an important role in sex determination of

Asparagus officinalis (Li et al., 2021). Therefore, we sepa-
rately collected male and female samples to characterize
their genome-wide methylation profiles so as to focus on
the epigenetic effects rather than on genetic determinants
of sex determination (Figure 2).

We performed a genome survey using 87 983 462,
83 278 102, and 82 681 769 paired-end reads of 150 bp in
length to estimate the genome sizes of C. equisetifolia, C.
glauca, and C. cunninghamiana, respectively. In this study,
we selected a k-mer value of 19 to cover most of the geno-
mic and repetitive sequences in the three species
(Figure S1). Based on the frequency distribution of 19-
mers, we estimated the genome sizes of C. equisetifolia, C.
glauca, and C. cunninghamiana to be approximately
315 Mb, 313 Mb, and 328 Mb, respectively. We also esti-
mated the heterozygosity rates for C. equisetifolia (0.66%),
C. glauca (2.47%), and C. cunninghamiana (1.75%). Vigor-
ous trees tend to be highly heterozygous and display a fit-
ness  superiority over homozygous individuals
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Figure 2. Flowchart of genome sequencing, BS-seq, Iso-seq, and RNA-seq for C. equisetifolia, C. glauca, and C. cunninghamiana. Samples collected from
female branchlets from C. equisetifolia, C. glauca, and C. cunninghamiana were designated EFB, GFB, and CFB, respectively, while those collected from male
branchlets of the three species were designated EMB, GMB, and CMB, respectively. Samples collected from the monoecious branchlets of C. equisetifolia were

designated EMoB.

(Mitton, 2001). Consistent with a heterozygous advantage,
C. glauca trees, with the highest heterozygosity, have sig-
nificantly longer and thicker branchlets than trees of the
other two species (Figure 1b).

De novo genome assembly for the three species using
PacBio single-molecule sequencing

We generated de novo genome assemblies for each spe-
cies using PacBio SMRT long-read sequencing technology.
In total, PacBio SMRT sequencing provided approximately
408x, 331x, and 332x coverage of the C. equisetifolia, C.
glauca, and C. cunninghamiana genomes, respectively. We
constructed an initial string graph assembly to generate
contig sequences using the genome assembler FALCON
1.2.4 (Chin et al., 2016), which is designed for PacBio SMRT
long-read data (Figure S2). PacBio long reads can be used
to overcome high levels of repetitiveness and heterozygos-
ity. We detected high heterozygosity in our preliminary
survey of C. glauca (2.47%) and C. cunninghamiana
(1.75%). Thus, we employed Purge Haplotigs (Roach

et al., 2018) to remove redundant sequences and generate
de-duplicated assemblies for the three species (Figure S2).
The contig N50 values were 5 391 619 bp for C. equisetifo-
lia, 1118 783 bp for C. glauca, and 2 232 746 bp for C.
cunninghamiana. The largest contigs for each species were
13 802 205 bp (C. equisetifolia), 6 073 744 bp (C. glauca),
and 12 282 031 bp (C. cunninghamiana), and the final com-
bined contig lengths were 268 859 079 bp (C. equisetifo-
lia), 296 399 783 bp (C. glauca), and 293 352 106 bp (C.
cunninghamiana). We calculated the GC content and aver-
age depth per 10-kb sliding window based on an alignment
of paired-end clean Illlumina short reads to the assembled
contigs above using BWA 0.7.15 (Li & Durbin, 2009). The
GC contents of the newly assembled genomes were identi-
cal (36.7%) in three species (Figure S3).

Characterization of the Hi-C-assisted genome assemblies

The Hi-C method was originally proposed to investigate 3D
genome organization by measuring the frequency of physi-
cal contacts between any pair of genomic loci within the
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Figure 3. Features of the anchored assemblies among chromosomes 1-9 for C. equisetifolia, C. glauca, and C. cunninghamiana. (a) Heatmap showing the two-
dimensional chromosome interaction matrix from Hi-C. (b) Circos plots summarizing genome features: from outermost to innermost, the circles show the num-
ber and size of the chromosomes (A), GC content (B), transposable element (TE) density (C), protein-coding gene density (D), CG methylation (E), CHG methyla-
tion (F), and CHH methylation (G). Paralogous gene pairs are linked in the center of the Circos plot. Green and blue indicate intrachromosomal and

interchromosomal paralogous gene pairs, respectively.

nucleus (Lieberman-Aiden et al., 2009). More recently, Hi-C
technology has been increasingly applied to the assembly
of chromosome-scale scaffolds in helping to orient large
contigs along pseudochromosomes (Zhang et al., 2021).
Here, we produced a Hi-C interaction map to resolve the
position of the contigs generated by de novo genome
assembly. In total, our Hi-C libraries generated 5 337 502
(C. equisetifolia), 4 951 212 (C. glauca), and 3 438 248 (C.
cunninghamiana) lllumina short reads. The Juicer pipeline
extracted 2 301 842 (C. equisetifolia), 1 273 081 (C. glauca),
and 874 678 (C. cunninghamiana) valid pairs (representing
di-tags), of which 1 822 798 (C. equisetifolia), 1 035 503 (C.
glauca), and 757 771 (C. cunninghamiana) had unique di-
tags. For each species, we then loaded unique di-tags and
a FASTA file from FALCON representing the draft assembly
into the 3D de novo assembly (3D-DNA) pipeline to assign
each draft assembly to a chromosome, resulting in the
anchoring of contigs along nine pseudochromosomes

(Figure 3). The final sizes of these assembled pseudomole-
cules  were 266 390 111 bp (C. equisetifolia),
295 462 384 bp (C. glauca), and 292 499 405 bp (C. cun-
ninghamiana). The leftover unanchored scaffolds only
accounted for 2 552 468 bp (C. equisetifolia), 1 169 399 bp
(C. glauca), and 984 201 bp (C. cunninghamiana) of
sequence. This resource provides a valuable reference for
the functional investigation of their genomes and for the
genetic improvement of Casuarina species.

To the best of our knowledge, structural variants (SVs)
among the three species have not been explored. To
explore the diversity of Casuarina, we performed SV pre-
diction and analysis at the whole-chromosome level in the
three species. From pairwise comparisons between spe-
cies, we identified 7 572 081 (C. equisetifolia versus C.
glauca), 8 264 972 (C. equisetifolia versus C. cunninghami-
ana), and 5 573 389 (C. glauca versus C. cunninghamiana)
single-nucleotide variations (SNVs) (Figure S4). We also
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identified 401227, 423 448, and 306 514 deletions and
397 978, 429 429, and 316 537 insertions in C. equisetifolia
versus C. glauca, C. equisetifolia versus C. cunninghamiana,
and C. glauca versus C. cunninghamiana, respectively
(Figure S4). The SVs among the three species were widely
distributed across the nine pseudochromosomes
(Figures S5, S6, and S7). SVs tended to cluster in specific
genomic regions rather than being evenly distributed along
the genome. For example, many SVs were concentrated on
chromosome 1 from 29 605 000 bp to 29 610 000 bp in the
pairwise comparison between C. glauca and C. cunning-
hamiana (Figure S7). It will be interesting to investigate the
association between genetic and phenotypic differences
(Figure 1) in the future. These SVs among the three
genomes will serve as an important resource for describing
the genomic variation in Casuarina.

Evaluation of genome assembly revealed high
completeness values and improved contiguity

To assess the quality of our chromosome-level genome
assemblies, we calculated the Benchmarking Universal
Single-Copy Orthologs (BUSCO) score using the Eudicoty-
ledons dataset to search for conserved single-copy ortho-
logs (SCOs). We identified 98.0, 97.9, and 97.9% of SCOs
as complete single-copy genes in the C. equisetifolia, C.
glauca, and C. cunninghamiana genome assemblies,
respectively. These high values confirmed the high quality
of all three chromosome-level genome assemblies. We
also produced RNA-seq datasets from male and females
branchlets of each species (Figure 2). To validate the Hi-C
genome assemblies, we mapped all clean lllumina short
reads to the assembled genomes, yielding overall align-
ment rates of 93.5 (C. equisetifolia), 93.0 (C. glauca), and
95.5% (C. cunninghamiana). These high rates of alignment
further confirmed that the three genome assemblies cover
most expressed genes in these species.

We previously reported a scaffold-level genome assem-
bly for C. equisetifolia and released a draft genome (Ye
et al., 2019). We wished to compare this older version of the
genome to our improved assembly generated in this study
using mimimap2 (2.15-r905) (Li, 2018). We determined that
272 323 437 bp of sequence from the older version were
aligned to 247 633 663 bp of current genome versions,
representing 92% of the current pseudochromosome-scale
assembly. Notably, 603 previously unanchored scaffolds
appear to have been incorporated into the nine pseudochro-
mosomes (from chr1 to chr9) in the new assembly, compris-
ing 90 (chr 1), 74 (chr 2), 77 (chr 3), 61 (chr 4), 77 (chr 5), 48
(chr 6), 58 (chr 7), 62 (chr 8), and 56 (chr 9) unaligned scaf-
folds (Figure S8). We also evaluated the quality of the de
novo assembly using the long terminal repeat (LTR) Assem-
bly Index (LAI), which evaluates assembly contiguity using
LTR retrotransposons (Ou et al., 2018). We obtained LAl
values of 21.52 (C. equisetifolia), 20.53 (C. glauca), and 20.55

(C. cunninghamiana). LAl scores above 20 indicate a high
quality of the assembly (Ou et al., 2018). Among the three
genomes, C. equisetifolia had the highest LAI, indicative of
high-quality assembly of all intergenic and repetitive
sequences. A previous scaffold-level genome assembly for
C. equisetifolia based on lllumina short reads (Ye
et al., 2019) achieved an LAl of 10.87, reflecting the limited
ability of Illlumina short reads to resolve intergenic and
repetitive sequences. Thus, the chromosome-scale assem-
blies presented here substantially improved contiguity,
which will facilitate analyses from functional and evolution-
ary perspectives in the future.

Annotation of repetitive sequences and protein-coding
genes

Genome size is positively correlated with the abundance of
repeat sequences and transposable elements (TEs)
(Michael, 2014). Long-read technologies solve the major
challenge of assembling the typically highly repetitive TE-
rich regions in plant genomes. We annotated high-quality
TEs throughout the three assembled genomes. In total, we
classified 25.91 (C. equisetifolia), 27.15 (C. glauca), and
27.74% (C. cunninghamiana) of each genome as repetitive
sequences. The fraction of TEs detected here was thus
close to the average of 30% seen in other plant genomes
(Lee & Kim, 2014). LTR TEs, including Copia and Gypsy,
were the most common retroelements. We also detected a
relatively small fraction of uncharacterized repeats,
accounting for 5.25, 6.19, and 6.70% of the total assemblies
of C. equisetifolia, C. glauca, and C. cunninghamiana,
respectively.

Using several tools (Figure S9), we annotated 23 161
(C. equisetifolia), 24 672 (C. glauca), and 24 672 (C. cun-
ninghamiana) protein-coding genes. The average transcript
lengths were 1816 nucleotides (nt) (C. equisetifolia),
1834 nt (C. glauca), and 1830 nt (C. cunninghamiana).
Transcripts consisted of an average of six exons in all three
species. The average size of predicted proteins was 452
amino acids (aa) (C. equisetifolia), 445 aa (C. glauca), and
455 aa (C. cunninghamiana).

Collinearity of the three genome assemblies

We performed a global genomic comparison among the
three high-quality genomes. We observed extensive
global collinearity among the three species (Figure 4a).
Indeed, we identified 14 101 orthologous genes among
the three species (Figure S10). To gain a better under-
standing of secondary cell wall thickening in these spe-
cies, we analyzed the families of cellulose, hemicellulose,
and lignin biosynthesis-related genes in three species
based on homology with black cottonwood (Populus tri-
chocarpa) (Table S1). Phylogenetic analysis indicated an
absence of some orthologous groups of genes related to
hemicellulose (Figure S11, green branch) and lignin
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Figure 4. Global collinearity and microsynteny visualization for the three species. (a) Visualization of pairwise synteny among the nine chromosomes of the
three species. Lines represent homologous blocks syntenic between C. equisetifolia and C. glauca (green) or C. cunninghamiana (yellow). (c, d) Microsynteny
visualization of selected hemicellulose- (b), cellulose- (c), and lignin-related (d) genes. Blue/green blocks and gray lines correspond to genes and syntenic gene
pairs, respectively. Red lines in (b)-(d) represent syntenic gene pairs for hemicellulose (Ceq03G2114), cellulose (Ceq03G1445), and lignin (Ceq08G1299),

respectively.

biosynthesis (Figure S12, green branch). Furthermore, a
microsynteny visualization revealed that a hemicellulose-
related gene associated with secondary growth
(Figure 4b) was not syntenic between C. equisetifolia and
C. glauca, potentially explaining the differences in the
height and DBH of these two species (Figure 2d). Further-
more, the depth of coverage in this region was 54x (C.
cunninghamiana), 69x (C. equisetifolia), and 71x (C.
glauca). Thus, the loss of collinearity of Ceq03G2114 in C.
glauca is not caused by problems with genome assembly,
as C. glauca had more reads than the other two species in
this region. However, phylogenetic analysis revealed that
most other orthologous groups among the three species
show one-to-one correspondence (Figures S11 and S12,
blue branch). For example, we observed microsynteny for
both a cellulose-related gene (Figure 4c) and a lignin-
related gene (Figure 4d).

Methylation profiling by whole-genome BS-seq revealed
differentially methylated regions in sex determination

The proportion of monoecious individuals in C. equisetifo-
lia varies from less than 10% to as much as 80% (Schlub
et al., 2010), suggesting the potential influence of epige-
netics in its regulation. To explore this possibility, we col-
lected branchlets from male and female individuals of each
species, as well as from monoecious C. equisetifolia indi-
viduals, for whole-genome BS-seq and RNA-seq analyses
(Figure 2). Cytosine methylation at the 5 position in the
CG, CHG, and CHH contexts plays an important role in epi-
genetic regulation. Here, we examined the DNA methyla-
tion profile of chromosome 1 in each of the three species
using BS-seq to obtain a preliminary estimate of their
entire methylation profiles. We determined that the meth-
ylation level in the CG and CHG contexts is higher than in
the CHH context (Figure S13).
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Figure 5. Whole-genome methylation profiles for C. equisetifolia, C. glauca, and C. cunninghamiana. (a-c) Histograms showing the genome-wide methylation
of (a) CG, (b) CHG, and (c) CHH. (d-f) Genome-wide methylation profiles of transposable elements (TEs) in (d) CG, (e) CHG, and (f) CHH contexts. (g-i) Genome-
wide methylation profiles of protein-coding genes in (g) CG, (h) CHG, and (i) CHH contexts.

The examination of methylation levels at the chromo-
some scale also enabled the elucidation of potential differ-
ences between the male and female samples in the three
species. Accordingly, we subtracted the methylation level
measured in the female sample from that of the male sam-
ple and plotted the methylation differences. In C. cunning-
hamiana (CFB), we detected more regions with higher CG,
CHG, and CHH methylation levels in the female samples
compared to the male samples (Figure S14). Of the three
methylation contexts, the overall difference between the
male and female samples in all three species was largest
for CG methylation, while the difference in CHG methyla-
tion was relatively small.

In all three species, the methylation level in the female
samples of C. cunninghamiana (CFB) was the highest in all
three contexts, which was significantly different from the
pattern in male samples (Figure 5a-c). Overall, the methyl-
ation level in the CG context (about 12% in C. equisetifolia
and C. glauca) was the highest, followed by CHG (about
8% in the three species) and CHH (about 1.5% in the three
species).

We also determined the overall methylation level of
TEs (Figure 5d-f). TEs presented higher DNA methylation

levels than protein-coding genes (Figure S15). The meta-
plots of methylation levels of TEs were relatively similar
between samples, with the exception of CFB samples. The
methylation levels in the CG (Figure 5d), CHG (Figure 5e),
and CHH contexts (Figure 5f) along the TE bodies were
about 20, 15, and 3.5%, respectively. We observed a drastic
reduction in methylation both upstream and downstream
of the TE bodies.

We also generated metaplots for methylation levels
along the body of protein-coding genes and 2-kb upstream
and downstream regions. The methylation levels of both
the gene body and the flanking regions were higher in CFB
than in the other samples (Figure 5g-i). The center of the
gene body was more highly methylated in the CG context
(Figure 5g) than at the transcription start sites (TSSs) and
transcription termination sites (TTSs) in all samples; how-
ever, we detected no clear trend for methylation in the
CHG (Figure 5h) and CHH (Figure 5i) contexts.

We defined differentially methylated regions (DMRs)
across the genome to explore differences between male
and female samples in the three species. For the pairwise
comparisons of the male (CMB) and female (CFB) samples
collected from C. cunninghamiana samples, most DMRs
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Chromosome-scale assembly and annotation of Casuarina species 9

were more highly methylated in the female tissues than in
the male tissues (defined as a methylation gain)
(Figure S16a), which was consistent with the methylation
distribution along the TE and gene bodies (Figure 5). C.
glauca also harbored more DMR gain events in the male
(GMB) than in female samples (GFB) in the CG and CHG
contexts. For C. equisetifolia, we observed comparable
numbers of CG and CHG DMRs among the male (EMB),
female (EFB), and monoecious (EMoB) samples
(Figure S16a); however, the number of methylation gain
and loss events in the CHH context was disproportionate,
with more gain events between EFB and EMB and more
loss events between EFB and EMoB. We classified DMRs
into intergenic and genic types, based on their location on
the chromosome. We identified loci that overlapped with
DMR events. The percentage of genes with gain or loss
DMRs showed a similar trend to that of DMR events
(Figure S16b). In total, there were 210 common genes in all
three species (CFB versus CMB, EFB versus EMB, and GFB
versus GMB) that showed gain events and another 252
common genes in three species with loss events.

Finally, we focused on the distribution of DMRs
around the gene coding regions and 1-kb regions
upstream of the TSS and downstream of the TTS. For CG
methylation, we observed that the DMRs are more fre-
quent in the gene body than in their flanking regions
(Figure S17). The distribution of CHG DMRs was similar
across the gene bodies and flanking regions, while the pro-
moter region was strongly enriched in CHH DMRs. For
example, we noticed that the expansin-like B1 gene
(EXLBT1) has a lower methylation level in its gene body and
promoter region in the female samples than in the male
samples in both C. equisetifolia and C. glauca (Figure S18);
however, the opposite was true for C. cunninghamiana.

Transcriptomic regulation in the three species

To quantify gene expression, we performed strand-specific
RNA-seq of the male and female samples from the three
species (Figure 2) and estimated expression as fragments
per kilobase of transcript per million mapped reads (FPKM)
values. A Spearman correlation analysis revealed a clear
distinction between the three species based on their tran-
script levels using one-to-one-to-one orthologs across the
three species (Figure S19a). The three replicate samples for
each species clustered together and showed a high correla-
tion, based on a principal component analysis
(Figure S19b).

We identified differentially expressed genes (DEGs)
using a P-value of <0.01 and a fold change value of >1.5 or
<1/1.5 as the cutoffs by comparing expression profiles
from female samples to those of male samples for each
species (Figure S20). We identified 2765 downregulated
genes and 3304 upregulated genes in female samples
(CFB) from C. cunninghamiana compared to matching

male samples (CMB) and 2199 downregulated genes and
4031 upregulated genes in female samples (GFB) from C.
glauca compared to matching male samples (GMB). By
contrast, we obtained comparable numbers of upregulated
and downregulated genes in the pairwise comparisons
(EFB versus EMB and EMoB versus EMB) of C. equisetifolia
samples, whereas the EMoB samples had more upregu-
lated genes than the female samples (EFB), with 3251
downregulated genes and 4301 upregulated genes in the
EMoB samples compared to EFB (Figure S20).

We used Z-scores to normalize gene expression and
k-means clustering analysis to classify these DEGs into
eight clusters, as shown in Figures S21 and S22. The first
group in the heatmap represents DEGs with a high expres-
sion in GMB samples (Figure S21) with a clear enrichment
of Gene Ontology (GO) terms such as ‘ethylene-activated
signaling pathway’, ‘response to auxin’, and ‘isoprenoid
biosynthetic process’ (Figure S22). The second group was
comprised of genes highly expressed in CFB samples,
with an enrichment of GO terms associated with ‘amino
acid transmembrane transport’ and ‘positive regulation of
transcription elongation from RNA'. The third group
represented genes highly expressed in GFB samples, with
an enrichment of the GO terms ‘mRNA transcription’,
‘RNA-directed DNA methylation’, and ‘cell differentiation’.
The fourth group was formed by highly expressed genes
in EMoB samples, with enrichment in GO terms associ-
ated with ‘gibberellin catabolic process’, ‘auxin biosyn-
thetic process’, ‘cell differentiation’, and ‘regulation of
transcription’. The fifth group was comprised of genes
highly expressed in the female samples CFB and GFB,
with enrichment of the GO terms ‘cell division’, ‘cellulose
catabolic process’, ‘mitotic spindle organization’, and
‘mitotic cell cycle’. The sixth group of genes was highly
expressed in EMB samples, with enrichment of the GO
terms ‘ATP synthesis coupled proton transport’, ‘cell wall
biogenesis’, and ‘response to auxin’. Group seven con-
tained genes highly expressed in CMB samples, with
enrichment of GO terms associated with the ‘cytokinin
biosynthetic process’, ‘RNA processing’, and ‘ethylene-
activated signaling pathway’. The last group was com-
prised of genes highly expressed in EFB samples, with
enrichment in the GO terms ‘sexual reproduction’, ‘cellu-
lose biosynthetic process’, and ‘ethylene-activated signal-
ing pathway’. For example, Ccu03G1202 and Ccu08G1699
were annotated as having transcription factor activity and
possibly being involved in the ethylene response. Both
genes were highly expressed in CMB samples and
expressed at low levels in CFB samples (Figure S23).
Another example was Ccu06G1569, annotated as an
auxin-responsive gene and highly expressed in female
(CFB) compared to male trees (CMB) for C. cunninghami-
ana, which we validated by RT-gPCR (Figure S23). It will
be interesting to investigate sex determination related to
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phytohormone-related genes using genetic transforma-
tion to bridge the gap between gene and phenotype. We
also extracted the promoter sequences from all genes
from the eight groups above for HOMER (v4.11.1) motif
analysis. The promoters of genes from several groups har-
bored a CGTA motif (Figure S24). The CGTA motif is a
potential jasmonic acid (JA)-responsive element (Qayyum
et al., 2022). JA was reported to regulate flower develop-
ment (Yuan & Zhang, 2015). The association between the
CGTA motif and flower development can now be investi-
gated to identify potential transcription factors that bind
to this motif.

Association between transcription and DNA methylation
in the three species

To explore the relationship between gene expression and
DNA methylation, we integrated our RNA-seq and BS-seq
data (Figure S25). We noted that non-expressed genes
have highly methylated promoters and gene bodies in all
three species. Methylation in the CG context in particular
showed a clear repressive effect in all three species. We
had detected a higher methylation level in the female sam-
ples from C. cunninghamiana (CFB) compared to the male
samples (CMB) (Figure 6). CHH methylation accumulated
around the promoter regions in C. cunninghamiana genes,
which was associated with a gradual increase in gene
expression.

We classified the genes overlapping with hypermethy-
lated regions detected in CFB samples into four expression
types (no, low, middle, and high). Interestingly, we
observed an enrichment of GO terms related to ‘sexual
reproduction’, ‘recognition of pollen’, and ‘pollen tube
growth’ in three groups of expressed genes (Figure S26),
suggesting that these genes might be involved in sex
determination in C. cunninghamiana. For example,
Ccu05G0051 and Ccu09G1599 are annotated as having cys-
teine synthase activity by BLAST2GO, a function that is
involved in pollen tube growth by double fertilization form-
ing a zygote and endosperm. Hypermethylation may regu-
late gene expression. Indeed, we observed lower
expression of Ccu05G0051 and Ccu09G1599 in CFB sam-
ples, which we validated by RT-qPCR (Figure S23). In sum-
mary, we provide preliminary clues about the association
between DNA methylation and sex determination.

DISCUSSION

Multiple species of Casuarina were introduced into China
for cultivation as pioneer trees in the construction of
coastal shelterbelts for environmental protection and eco-
logical restoration. With the aim of exploring the genomic
diversity of Casuarina, we used both PacBio Sequel
sequencing and Hi-C  technology to assemble
chromosome-scale genomes for C. equisetifolia, C. glauca,
and C. cunninghamiana. The genome of each of the three

species was assembled into nine pseudochromosomes,
providing an important resource for researchers to explore
the genetic diversity of this genus. We investigated SVs
between the three species, providing useful information for
pangenome analysis of Casuarina in the future. The effect
of structural variation on key stress tolerance or nitrogen-
fixing root nodulation traits can be assessed by genome-
wide association studies when structural variations across
multiple genetic materials of Casuarina are available.

Furthermore, we annotated all repetitive sequences
and protein-coding genes in each species. TEs presented
higher DNA methylation levels than coding genes (Fig-
ure 3), which was consistent with DNA methylation pre-
dominantly occurring at TEs as epigenetic surveillance
systems (Michael, 2014). We also obtained preliminary
clues to the epigenetic regulation of sex determination in
the three species using BS-seq and RNA-seq. Most DEGs
identified in this study between female and male samples
showed enrichment of GO terms associated with phytohor-
mone metabolism (Figure S22), suggesting that
phytohormone-related genes might be critical for the regu-
lation of sex determination. However, genetic transforma-
tion should be applied to investigate sex determination in
relation to phytohormone-related genes.

Collectively, the chromosome-level genome assem-
blies of three representative species coupled with compre-
hensive DNA methylation and transcriptome datasets will
pave the way for the Casuarina research community to
explore the genetic diversity of these species and effec-
tively elucidate the molecular mechanisms involved in
stress tolerance, wood formation, nitrogen-fixing root nod-
ulation, and sex determination.

EXPERIMENTAL PROCEDURES
Sample collection and genome survey

Young needle-like branchlets were harvested from the progeny of
test trials for the three species (C. equisetifolia, C. glauca, and C.
cunninghamiana) in Dianbai, Maoming, Guangdong Province,
China (111°01'27.99"E; 21°28'6.69"N), for use in PacBio genome
sequencing. All branchlet samples were immediately frozen in lig-
uid nitrogen, transported to the laboratory, and subjected to DNA
and RNA extraction.

Genomic DNA (gDNA) from the branchlets was extracted
using a DNA extraction kit (TIANGEN, Beijing, China). DNA con-
centration was determined using a Qubit dsDNA HS assay kit.
DNA purity and integrity were confirmed using agarose gel elec-
trophoresis on a Gel Doc XR+ (Bio-Rad Laboratories, Hercules, CA,
USA) before being subjected to high-throughput sequencing. lllu-
mina libraries suitable for generating paired-end 150-bp reads
were constructed and sequenced using a NovaSeq 6000 platform
(Illumina, San Diego, CA, USA). Low-quality reads were removed
if they had more than three unidentified (N) bases and/or more
than 20% of bases were of low quality (Phred Quality Score < 5).
Reads with more than eight bases matching adapter sequences
were also discarded. Genome heterozygosity, repeat content, and
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size of sequencing reads were estimated using a k-mer-based sta-
tistical approach in GenomeScope v1 (Vurture et al., 2017).

Genome sequencing using a PacBio sequel Il platform

Whole-genome sequencing libraries were constructed with a tar-
geted insert size of 15 kb. To check the quality of the gDNA, 1 pl
gDNA from each sample was used for a NanoDrop measurement
(Thermo Fisher Scientific, Waltham, MA, USA). An A,go/Azg ratio
of 1.8-2.0 with an Ayo/Az30 ratio greater than 2.0 was required
before proceeding with sample processing. Furthermore, 1 pl
gDNA was used to measure the DNA concentration by Qubit. The
main gDNA band for each sample should be larger than 40 kb,
with no obvious degradation or RNA present. Each sample was
purified using 0.8x AMPure PB beads, and then g-TUBEs (Covaris,
Woburn, MA, USA) were used to shear the gDNA. Agarose gel
electrophoresis was used to confirm that the size of the fragmen-
ted bands was about 15 kb.

Finally, a Template Prep Kit (Pacific Biosciences, Menlo Park,
CA, USA) was used to construct SMRTbell libraries. First, the tem-
plate was digested with ExoVIl to remove single-stranded DNA
contamination, after which the template was repaired with DNA
Damage Repair Mix to remove impurities and repair nicks and
gaps in the DNA chain. End Repair Mix was then used to fill in
and repair the 5 or 3 of DNA double-stranded ends and simulta-
neously add phosphoric acid. The above products were purified
and recovered with AMPure PB beads and their concentrations
were determined using Qubit. Next, SMRT adaptors with hairpin
structures were added. The products were digested with Exolll
and ExoVIl to remove excess adaptors and library molecules with
incomplete structures, after which the products were again puri-
fied, recovered with AMPure PB beads, and quantified using
Qubit. A Bluepippin apparatus was then used to select fragments
of the expected size from the library. The products were purified
and recovered with AMPure PB beads. The quality of the libraries
was determined using an Agilent 2100 Bioanalyzer system
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(Agilent Technologies, Santa Clara, CA, USA). Finally, all libraries
were sequenced on a PacBio Sequel Il platform in Continuous
Long reads (CLR) sequencing mode.

De novo genome assembly

The FALCON de novo assembler v1.2.4 (Chin et al., 2016) was
used to call high-quality consensus sequences based on Sequel
subreads using the following parameters: length_cutoff = 5000,
length_cutoff_pr = 10 000 (Figure S2). Then, pbmm2/gcpp from
the SMRT Link software (https://www.pach.com/products-and-
services/analytical-software/smrt-analysis/) was used to correct
potential errors in the contig sequences. Furthermore, the contigs
were corrected with lllumina short reads using the Burrows—
Wheeler Alignment tool 0.7.15 (Li & Durbin, 2009) and Pilon 1.22
(Walker et al., 2014) with default parameters. Pairs of contigs
(regional duplication) with high degrees of heterozygosity were
identified and reassigned using purge_haplotigs 1.0.2 (Roach
et al., 2018) to improve the genome assembly.

Construction and analysis of Hi-C libraries

Following the standard protocol described previously (Belton
et al., 2012) with some modifications, Hi-C libraries were con-
structed using the original genome sequencing samples as start-
ing material. After being ground in liquid nitrogen, the samples
were crosslinked in 4% (w/v) formaldehyde at room temperature
under a vacuum for 30 min. The crosslinking reaction was
quenched with the addition of 2.5 m glycine for 5 min, after which
the samples were placed on ice for 15 min. The samples were cen-
trifuged at 1239 x g at 4°C for 10 min; the resulting pellet was
washed with 500 pl phosphate-buffered saline and then centri-
fuged for 5 min at 1239 x g. Each pellet was resuspended in 20 pl
of lysis buffer (1 m Tris-HCI, pH 8, 1 m NaCl, 10% [v/v] CA-630, and
13 units protease inhibitor), and the supernatant was then centri-
fuged at 4956 x g at room temperature for 10 min. The pellet was
washed twice in 100 pl ice-cold 1x NEB buffer and then centri-
fuged for 5 min at 4956 x g. Nuclei were resuspended in 100 pl
NEB buffer, solubilized with diluted SDS, and then incubated at
65°C for 10 min. After quenching of the SDS with Triton X-100, the
samples were digested overnight with a 4-cutter restriction
enzyme, Dpnll (400 units), on a rocking platform at 37°C. Finally,
the Hi-C libraries from C. equisetifolia, C. glauca, and C. cunning-
hamiana were sequenced on an Illlumina NovaSeq 6000 platform.

To analyze the Hi-C data, paired-end FASTQ files from the
three species were mapped to their respective de novo assembled
contigs using Juicer 1.6.2 (Durand et al., 2016) with default param-
eters to identify valid pairs. 3D-DNA v1 with default parameters
(Dudchenko et al., 2017) was then applied to generate
chromosome-length assemblies. Collinearity between the three
reference genomes was plotted using the JCVI utility libraries
v1.0.9 (Tang et al., 2008). The LAl was calculated using LTR_retrie-
ver v2.9.0 with default parameters (Ou et al., 2018).

RNA extraction, construction of libraries for RNA-seq, and
bioinformatics analysis

Total RNA was extracted from collected samples from the three
species using a Dynabeads mRNA DIRECT Kit (Thermo Fisher Sci-
entific). In total, 40 ng mRNA was used for the construction of
each RNA-seq library. Strand-specific transcriptome libraries were
then generated using the dUTP method, as follows. First, mRNA
was sheared at high temperature, after which first-strand cDNA
was synthesized by reverse transcription. During the synthesis of
second-strand cDNAs, dTTP was replaced by dUTP in the PCR.

Next, after end repair and A-tailing, the lllumina Truseq adaptor
was added. The USER enzyme was then added to digest dUTP in
the second cDNA strand. Finally, the digested products were puri-
fied, and lllumina P5 and P7 primers were used to amplify RNA-
seq libraries by PCR before sequencing on an lllumina NovaSeq
6000 platform to generate 150-bp paired-end reads.

Clean RNA-seq reads were first mapped to the respective
chromosome-scale genome using HISAT2 version 2.0.3-beta (Kim
et al., 2019) with default parameters. The read summary for each
gene was calculated using featureCounts v2.0.3 (Liao et al., 2014),
and the number of reads was normalized to the FPKM value (Mor-
tazavi et al., 2008; Trapnell et al., 2012). The P-value and false dis-
covery rate (FDR) were calculated using edgeR v3.12.1 (Robinson
et al., 2010). A fold change of >1.5 or <1/1.5 and an FDR of <0.01
were used as the cutoffs for the identification of DEGs between
male and female branchlets. An enrichment analysis of GO terms
was performed using clusterProfiler 3.18.0 (Yu et al., 2012) using a
Pagj cutoff of 0.05.

Construction of libraries for Iso-seq and bioinformatics
analysis

PacBio Iso-seq was performed on total RNA extracted from the
three species. First, the quality of total RNA was checked using an
Agilent RNA 6000 Nano Kit, ensuring a concentration of
>300 ng ul~" and an RNA integrity number (RIN) of >8.5. The RNA
bands were required to be intact, with no degraded RNA or DNA
contamination. Next, double-stranded cDNA synthesis was per-
formed using a SMARTer PCR cDNA Synthesis Kit (Takara Bio,
Kusatsu, Japan). PCR amplification was performed on the cDNA
to obtain a sufficient amount for each sample. Finally, a Template
Prep Kit (PacBio) was used for Iso-seq library construction. All
cDNAs were enzymatically repaired, flattened, purified, and then
annealed to a SMRT adaptor. The final products were purified and
subjected to exonuclease processing to remove impurities, such
as small fragments and adapter dimers. The final Iso-seq libraries
were obtained after two rounds of purification with AMPure PB
beads. After Qubit quantification and Agilent 2100 quality control,
the Iso-seq libraries were sequenced on a PacBio Sequel I
platform.

Highly accurate consensus sequences were generated using
the ccs module of SMRT Link with default parameters. The iso-
seq3 refine module from IsoSeq v3 (https:/github.com/
PacificBiosciences/IsoSeq) was then used to remove the poly(A)
tail and primers. Next, bam2fasta v1.3.0 from the BAM2fastx tool
(https://github.com/PacificBiosciences/bam2fastx) was used to
convert the PacBio Iso-seq reads to FASTA files, which were cor-
rected using LoRDEC (v0.7) with the following command: lordec-
correct -k 19 -s 3 (Salmela & Rivals, 2014). The corrected long
reads were aligned to the assembled genome using minimap2-
2.17 (Li, 2018) with the ‘-ax splice -uf’ option.

Repeat and structural annotation

Extensive de-novo TE Annotator (EDTA) v1.8.3 (Ou et al., 2019)
was employed to annotate repetitive sequences, using the follow-
ing parameters: -step all -t 30 -sensitive 1 --anno 1. To assist with
structural annotation, a transcriptome-based annotation was used.
The BAM alignment results from both RNA-seq and Iso-seq were
then used as an input for Stringtie (v1.3.3) for genome-based tran-
script assembly using default parameters (Pertea et al., 2015). The
non-redundant reference gene structures were generated and inte-
grated with MAKER software 2.31.11 (Cantarel et al., 2008)
(Figure S2). The GO terms associated with each gene were deter-
mined using BLAST2GO 1.3.11 (Conesa et al., 2005).
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Construction of libraries for BS-seq and bioinformatics
analysis

gDNA samples were purified to remove impurities such as pro-
teins and salts. First, gDNA was fragmented into 150-450-bp
dsDNA, as determined by their electrophoretic profile. The frag-
mented DNA samples were then end-filled and subjected to 3'-end
d(A) tailing. The adapters were then ligated, after which the prod-
ucts were separated using 2% (w/v) agarose gel electrophoresis
and treated with an EZ DNA Methylation-Gold kit (Zymo Research,
Orange, CA, USA) to convert cytosines (C) to thymines (T). Finally,
all products were PCR-amplified and purified for sequencing as
150-bp paired-end reads.

The bismark_genome_preparation module from the bismark
software v0.22.1 (Krueger & Andrews, 2011) was used to index the
genomes of the three species, and bismark and the bismark_-
methylation_extractor command were used to generate CX report
files, including the 5mC methylation information, using default
options. DMRs were identified using the R package DMRcaller
3.10 (Catoni et al., 2018) with default parameters. DMRs were
defined as 100-bp regions with differences in CG, CHG, and CHH
methylation levels greater than or equal to 0.4, 0.2, and 0.1,
respectively.

RT-qPCR validation

Total RNA (1 ng) from CFB was reverse transcribed into cDNA
using a PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa,
RRO047A) for validation of gene expression. All cDNAs were diluted
10x, and 1-2 pl of 10x diluted cDNA was used as template in a
20-ul gPCR system. Actin was used as a reference gene. gPCR was
performed using a Hieff gPCR SYBR Green Master Mix (YEASEN,
11202ES08) on an Agilent M x 3005P Real-Time PCR System, fol-
lowing the manufacturers’ instructions. All gPCR primers are
listed in Table S2.
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Figure S1. Frequency distribution map of 19-mer analysis.

Figure S2. Flowchart describing the chromosome-scale assembly
procedure followed for C. equisetifolia, C. glauca, and C.
cunninghamiana.

Figure S3. Distribution of GC contents in C. equisetifolia, C.
glauca, and C. cunninghamiana. The highest density in the scatter-
plot is highlighted with a red dashed line.

Figure S4. Histograms showing SNVs, deletions, and insertions of
pairwise cross-species comparisons.

Figure S5. Distribution of SVs in nine chromosomes from a C.
equisetifolia versus C. cunninghamiana comparison. The red line
represents regions including more than 1000 SVs per 10-kb bin.
Figure S6. Distribution of SVs in nine chromosomes from a C.
equisetifolia versus C. glauca comparison. The red line represents
regions including more than 1000 SVs per 10-kb bin.

Figure S7. Distribution of SVs in nine chromosomes from a C.
glauca versus C. cunninghamiana comparison. The red line repre-
sents regions including more than 1000 SVs per 10-kb bin.

Figure S8. Clustering of scaffolds into nine chromosomes. Each
chromosome is numbered (shown in red).

Figure S9. Flowchart illustrating the procedure for the annotation
of protein-coding genes of C. equisetifolia, C. glauca, and C.
cunninghamiana.

Figure S10. Venn diagram showing the extent of overlap for ortho-
logous pairs among three species.

Figure S11. Phylogenetic analysis of orthologous groups for cellu-
lose-related and hemicellulose-related genes in the three species.
Figure $12. Phylogenetic analysis of orthologous groups for lig-
nin-related genes in the three species.

Figure S$13. Methylation profiles along chromosome 1.

(a) CG, (b) CHG, and (c) CHH contexts. The x-axis and y-axis repre-
sent the linear genome coordinate and methylation level in the
three species, respectively.

Figure S14. Comparison of methylation levels in the male, female,
and monoecious samples of the three species. Female, male, and
monoecious samples are designated F, M, and Mo, respectively.
The x-axis and y-axis represent the linear genome coordinate and
the difference in methylation level between two samples, respec-
tively. The y-axis was generated by subtracting the methylation
level of the female sample from that of the male sample or sub-
tracting that of the male or female sample from that of the monoe-
cious sample. Top, middle, and bottom panels correspond to CG
(a), CHG (b), and CHH (c), respectively.

Figure S15. Correlation between DNA methylation and three
genome elements (protein-coding genes, all, and TEs). All, entire
genome; TE, transposable element.

Figure $16. Histogram representing the number of DMRs in the
three species. A higher methylation level in the female sample rel-
ative to the male sample was defined as a methylation gain,
whereas a lower methylation level in the female sample relative to
the male sample was defined as a methylation loss. (a) The y-axis
represents the number of DMR events. (b) The y-axis represents
the number of genes including DMR events.
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Figure S17. Distribution of DMRs based on pairwise comparisons
between the male and female samples. The 1-kb upstream and
downstream sequences were selected for the transcription start
site (TSS), middle, and transcription termination site (TTS)
regions, respectively. The red and blue lines represent higher and
lower methylation in the female sample, respectively.

Figure S18. CG/CHG/CHH distribution along the expansin-like B1
gene and flanking regions in the three species.

Figure S$19. Clustering of RNA-seq data from the three species. (a)
Heatmap of the RNA-seq data from all samples. (b) Principal com-
ponent analysis of the RNA-seq data. A log,(FPKM+1) transforma-
tion was applied to the FPKM values, and a PCA dimensionality
reduction was performed.

Figure $20. Volcano plots of all differentially expressed genes in
the three species.

Figure S21. Heatmap clustering analysis of all differentially
expressed genes between the male and female samples of the
three species.

Figure S$22. Enriched GO terms in the eight categories of clustered
differentially expressed genes.

Figure S23. RNA-seq and RT-gPCR validation of five selected
genes.

Figure S24. Motif analysis of promoter regions from all genes dif-
ferentially expressed between the male and female samples
among the three species.

Figure S25. DNA methylation over the gene body (from TSS to
TTS) and flanking upstream/downstream 2-kb regions in the male
and female samples. The genes were divided into four categories
according to their expression (from low to high).

Figure $26. GO enrichment for the four expression types (no, low,
middle, and high) corresponding to hypermethylated regions in
the CFB sample.

Table S1.The cellulose-related, hemicellulose-related, and lignin-
related genes in the three species.

Table S2.Primer sequences for RT-qPCR validation.
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