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Diploid and tetraploid genomes of Acorus
and the evolution of monocots

Liang Ma1,19, Ke-Wei Liu2,19, Zhen Li3,4,19, Yu-Yun Hsiao 5,19, Yiying Qi6,19,
Tao Fu7,19, Guang-Da Tang8, Diyang Zhang 1, Wei-Hong Sun1, Ding-Kun Liu1,
Yuanyuan Li1, Gui-Zhen Chen1, Xue-Die Liu1, Xing-Yu Liao1, Yu-Ting Jiang1, Xia Yu1,
YangHao 1, Jie Huang1, Xue-Wei Zhao1, Shijie Ke1, You-Yi Chen9,10,Wan-LinWu9,
Jui-Ling Hsu9, Yu-Fu Lin9, Ming-Der Huang11, Chia-Ying Li 12, Laiqiang Huang 2,
Zhi-Wen Wang13, Xiang Zhao13, Wen-Ying Zhong13, Dong-Hui Peng1,
Sagheer Ahmad1, Siren Lan 1 , Ji-Sen Zhang 6,14 , Wen-Chieh Tsai 5,9 ,
Yves Van de Peer3,4,15,16 & Zhong-Jian Liu 1,2,17,18

Monocots are a major taxon within flowering plants, have unique morpholo-
gical traits, and show an extraordinary diversity in lifestyle. To improve our
understanding of monocot origin and evolution, we generate chromosome-
level reference genomes of the diploidAcorus gramineus and the tetraploidAc.
calamus, the only two accepted species from the family Acoraceae,which form
a sister lineage to all other monocots. Comparing the genomes of Ac. grami-
neus and Ac. calamus, we suggest that Ac. gramineus is not a potential diploid
progenitor of Ac. calamus, and Ac. calamus is an allotetraploid with two sub-
genomes A, and B, presenting asymmetric evolution and B subgenome dom-
inance. Both thediploid genomeofAc. gramineus and the subgenomesA andB
of Ac. calamus show clear evidence of whole-genome duplication (WGD), but
Acoraceae does not seem to share an older WGD that is shared by most other
monocots. We reconstruct an ancestral monocot karyotype and gene toolkit,
and discuss scenarios that explain the complex history of the Acorus genome.
Our analyses show that the ancestors of monocots exhibit mosaic genomic
features, likely important for that appeared in early monocot evolution, pro-
viding fundamental insights into the origin, evolution, and diversification of
monocots.

With >85,000 species, representing about 21% of the world’s plant
species, monocots form one of the most species-rich, ecologically
dominant, and economically important lineages of land plants1.
Monocots are renowned for their specialized morphological traits,
show ahuge diversity of terrestrial growth forms, have been successful
colonizers of a wide variety of different habitats, and directly and
indirectly form the basis for most of the human diet in the form of
grain or food crops such as rice, wheat, and maize. Understanding the

origin and patterns of morphological divergence, geographic diversi-
fication, and ecological adaptation ofmonocots is therefore of interest
to a great number of plant and evolutionary biologists.

Based on morphological and molecular data, monocots are clas-
sified into 77 families and 12 orders2,3. They differ from other angios-
perms because they have one cotyledon in the embryo, vascular
bundles in the stem that are star-scattered with only primary tissue
while the cambia and secondary xylem are absent. Themonocot order
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Acorales is sister to all other monocots and contains only one family,
Acoraceae1, with just one genus, Acorus. Because of its unique phylo-
genetic position, comparative analysis with other angiosperms could
yield important insights into key evolutionary innovations during the
evolution of monocots, such as vascular cambia and secondary xylem
development and cotyledon development. In addition, Acorus has a
complex evolutionary history4–7. Although officially only two species—
with three varieties—have been accepted by Plants of the World
Online5, four to five species and a few dozen of varieties have been
suggested in Acorus4. The two accepted species, i.e., Acorus gramineus
Solander exAiton andAc. calamus Linnaeus (Supplementary Fig. 1), are
confined to the humid areas of temperate, tropical, and subtropical
Asia andNorth America6. On top of that, species and varieties inAcorus
have different ploidy levels. Ac. calamus L., for instance, has been
acknowledged to have diploid, triploid, and tetraploid varieties, sug-
gesting that genome sequences of Acorus are of importance to
understand polyploid formation and evolution in the genus, as well as
the flower development and adaptation to wetland environments.

Here, we present the complete genome sequences of the diploid
species Ac. gramineus and the tetraploid species Ac. calamus. Com-
paring the genomes of Acorus and other angiosperms, especially the
ones from other monocots, allows us to understand the origin and
evolution of the two species in Acorus and reconstruct the ancestral
monocot gene toolkit, hence providing insights into the origin, evo-
lution, and diversification of monocots.

Results and discussion
Genome sequencing and genome characteristics
Chromosomes ofAcorus gramineus andAc. calamuswerefluorescently
dye-stained. The diploid Ac. gramineus has a karyotype of 2n = 2× = 24,
while Ac. calamus has a karyotype of 2n = 4× = 44 (Supplementary
Fig. 2). Flow cytometry analyses estimated that Ac. gramineus has a
genome size of 362.01Mb and Ac. calamus has a genome size of
747.46Mb (Supplementary Fig. 3). To sequence both genomes as
completely as possible, we used PacBio Sequel and generated a total of

57.12 Gb and 86.45Gb of raw reads for Ac. gramineus and Ac. calamus,
respectively. The average lengths of the reads are 13.03 kb for Ac.
gramineus and 13.27 kb for Ac. calamus (Supplementary Table 1).
Through K-mer analysis using Smudgeplot and GenomeScope28, we
found that AB type K-mer pair of Ac. gramineus had a proportion of up
to 60%, indicating that Ac. gramineus was a diploid and estimated the
genome size at 409.66Mb (Supplementary Note 1, Supplementary
Fig. 4). As expected, Ac. calamus had AABB type K-mer pair with a
higher proportion (43% AABB type vs 23% AAAB type), which is con-
gruent with the fact that Ac. calamus was an allotetraploid, and the
average size of two subgenomes is estimated as 348.65Mb (Supple-
mentary Note 1, Supplementary Fig. 5). The total length of the
assembled genome was 391.63Mb with a contig N50 value of 1.74Mb
for Ac. gramineus, and 700.94Mb with a contig N50 value of 0.87Mb
for Ac. calamus. The lower contig N50 value of Ac. calamus, compared
with that of Ac. gramineus, is due to its allotetraploid nature, con-
taining more polymorphic loci, leading to more ‘bubble’ structures in
the assembly graphs (Supplementary Table 2). We further evaluated
the quality of the two genome assemblies by Benchmarking Universal
Single-Copy Orthologs (BUSCO)9 and obtained BUSCO scores of
96.34% ‘complete genes’ for Ac. gramineus and 96.10% ‘complete
genes’ for Ac. calamus. In line with Ac. calamus being a tetraploid,
72.18% of the BUSCO genes were found ‘duplicated’ in the Ac. calamus
genome, compared to 6.07% in the diploid Ac. gramineus genome
(Supplementary Table 3). Compared with complete BUSCO scores of
98.64% for rice, 98.20% for Setaria viridis, 98.02% for Zea mays B73,
and 98.14% for Z. mays SK, the BUSCO assessments suggest that both
Acorus genome assemblies are nearly complete with respect to gene
space (Supplementary Fig. 6; Supplementary Tables 3, 4).

To reconstruct physical maps, we further generated 50.43Gb
and 66.30Gb reads from two Hi-C libraries of Ac. gramineus and Ac.
calamus, respectively (Supplementary Table 5), and clustered and
ordered the assembled contigs into pseudomolecules (Fig. 1a; Sup-
plementary Fig. 7). The chromatin interaction results showed that the
interaction signal intensity for diagonal positions was higher than for

Fig. 1 | Hi-C scaffolding of the allotetraploid Ac. calamus genome and sub-
genome reconstruction. a Hi-C contact matrix of the 22 chromosomes in the Ac.
calamus genome. We used Illumina sequencing reads from Hi-C libraries to
reconstruct physical maps by ordering and clustering the assembled scaffolds into
22pseudomolecules in thehaploid genomeofAc. calamus. The vertical colorbaron
the right of the axis indicates the logarithm (log2) of chromatin contact frequency.

b Subgenome construction (seeMethods). The 22 pseudomolecules ofAc. calamus
were divided into two subgenomes, subgenome A including Chr01, 02, 03, 05–10
and 16, subgenome B including Chr04, 11–15 and 17–22 (Supplementary Table 8).
The colorbar at the top indicates the Z-scaled relative abundance of k-mers, the
larger the Z score, the higher the relative abundance of a k-mer. Source data are
provided as a Source Data file.
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non-diagonal positions, suggesting that both theAc. gramineus andAc.
calamus assemblies based on the Hi-C data are of high quality (Sup-
plementary Fig. 7). For Ac. gramineus, the lengths of the 12 pseudo-
chromosomes ranged from 13.73Mb to 32.55Mb, with a scaffold N50
value of 24.59Mb (Supplementary Tables 6 and 7).

The allotetraploid genome of Ac. calamus was scaffolded using
Hi-C read pairs into 22 pseudomolecules (see Methods). The Hi-C
contact matrix shows a high quality of the chromosome assembly
according to the chromatin contacts within one chromosome. Also,
because only uniquely mapped Hi-C reads were used, traces of
chromatin contacts between two chromosomes hint at some, if not
all, homoeologous chromosomes from the two subgenomes of the
allotetraploid Ac. calamus (Fig. 1a). Because only uniquely mapped
Hi-C reads were used, linear traces of chromatin contacts between
two chromosomes rather than within one chromosome left some-
what clues about homoeology between two chromosomes. Further,
we clustered the 22 chromosomes based on the specific consensus
sequences of 13-mer sequence to assign the chromosomes into the
two subgenomes based on Mitros et al.10 (see Methods, and code
executed in Codes 1–8 [https://github.com/2017dingkun/Acorus-
genome]). As a result, 10 and 12 chromosomes were sorted as sub-
genomes A and B, respectively (Fig. 1b), in line with the observed
linear traces of chromatin contacts (Fig. 1a). In addition, the results
generated by SubPhaser11 were consistent with the above subgenome
assignment (see Methods; Supplementary Fig. 8). Ac. calamus sub-
genome A (referred to as Ac. calamus A below) amounts to
323.33Mb, with a contig N50 size of 0.74Mb. The lengths of the ten
pseudochromosomes ranged from 21.69Mb to 45.83Mb with a
scaffold N50 value of 29.86Mb. Ac. calamus subgenome B (referred
to as Ac. calamus B below) amounts to 360.99Mb, with a contig
N50 size of 0.70Mb. The lengths of the 12 pseudochromosomes
ranged from 24.30Mb to 33.96Mb, with a scaffold N50 value of
29.84Mb (Supplementary Tables 6, 8). In addition, analysis of the
distribution of tandem repeat showed that the putative centromeric
region could be detected in 16 of 22 Ac. calamus chromosomes and 6
of 12 Ac. gramineus chromosomes, the assembly of Ac. calamusA and
Bmight havemore complete centromeric regions thanAc. gramineus
(Supplementary Fig. 9).

A total of 198.59Mb, 145.66Mb and 167.52Mb of repetitive ele-
ments from Ac. gramineus, Ac. calamus A, and Ac. calamus B, respec-
tively, were annotated using a combination of structural information
and homology prediction (Supplementary Table 9). The results
showed that the percentages of de novo predicted repeats in Ac. gra-
mineus (47.13%), Ac. calamus A (42.18%) and Ac. calamus B (42.96%)
were much higher than the predicted repeats based on homology in
Ac. gramineus (6.01%),Ac. calamusA (5.09%) andAc. calamus B (5.02%)
obtained by Repbase (v21.12)12, indicating that Ac. gramineus and Ac.
calamus (A and B) have many unique repeats undocumented in the
Repbase library (version 20170127)12 (Supplementary Table 10; Sup-
plementary Figs. 10–12). Further, Extensive De-novo TE Annotator
(EDTA)13 substantiated the high percentages of de novo TEs after fil-
tering false positives in the de novo TE predictions. The classification
of repeat sequences showed that a substantial part of the Ac. grami-
neus and Ac. calamus genomes contain retrotransposable elements,
and the most abundant subtypes are Copia and Gypsy (Supplementary
Tables 11–14).

We annotated 25,090, 21,743 and 24,322 protein-coding genes
for Ac. gramineus, and Ac. calamus A and B, respectively (Supple-
mentary Table 15). We used BUSCO to assess the completeness of the
gene prediction and identified 94.98% of the complete set of BUSCO
genes in Ac. gramineus, and 94.48% of the complete set of BUSCO
genes in Ac. calamus with 81.78% in Ac. calamus A and 81.79% in Ac.
calamus B (Supplementary Table 16). The number of complete
BUSCO genes of each Ac. calamus subgenome is lower than that of
the combination of the two Ac. calamus subgenomes, suggesting that

each subgenome has been undergoing reciprocal gene loss after
allopolyploidization14–18.

We further identified the noncoding RNAs of the Ac. gramineus
and Ac. calamus A and B genomes. There are 57, 44 and 55microRNAs,
596, 481 and 477 transfer RNAs, 159, 96 and 38 ribosomal RNAs and
200, 170 and 184 small nuclear RNAs in the genomes of Ac. gramineus,
Ac. calamus A, and B, respectively (Supplementary Table 17). We pre-
dicted the target genes for each microRNA by PsRobot_tar from
psRobot (v1.2)19 and find 175, 87 and 101 target genes in Ac. gramineus,
Ac. calamus A, and Ac. calamus B, respectively. The GO enrichment
results showed that the target genes regulated by microRNAs are
mainly involved in “protein complex”, “cell periphery” and “sequence-
specific DNA binding” in Ac. gramineus; “nitrogen compound meta-
bolic process” and “heterocyclic compound binding” in Ac. calamus A;
“intracellular part” and “heterocyclic compound binding” in Ac. cala-
mus B (Supplementary Figs. 13–15). In addition, KEGG enrichment
results showed the target genes to be predominantly participating in
“biosynthesis of amino acids” and “glycerolipid metabolism” in Ac.
gramineus; “endocytosis”, “plant hormone signal transduction” and
“ribosome” in Ac. calamus A; and “ubiquitin-mediated proteolysis”,
“spliceosome” and “microbial metabolism in diverse environments” in
Ac. calamus B (Supplementary Figs. 16–18). These results indicate that
microRNAs are mainly involved in regulating basic amino acids and
glycerolipidmetabolism inAc gramineus, while inAc. calamus, they are
mainly involved in interaction with the environment20.

Evolution of gene families
We constructed a high-confidence phylogenetic tree and estimated
the divergence times of 19 different plant species based on the
nucleotide and amino acid sequences from a total of 379 single-copy
gene families (seeMethods, SupplementaryNote 2 andSupplementary
Table 18). The phylogenetic trees constructed by both the con-
catenated and coalescent methods were similar and showed that Ac.
gramineus is sister to Ac. calamus A and B (Fig. 2, Supplementary
Fig. 19). As expected,Acorus forms an independent clade, i.e., Acorales,
as a sister group to all other monocots (Fig. 2, Supplementary Fig. 19).
Expansion and contraction of orthologous gene families were deter-
mined by CAFÉ v4.2.1 (https://github.com/hahnlab/CAFE)21. A total of
42 and 496 gene families were expanded while 318 and 587 families
became contracted in the lineage leading to the monocots and eudi-
cots, respectively (Fig. 2). In the lineage leading to Acorales, 978 gene
families were expanded, whereas 1829 families were contracted. In Ac.
gramineus 1093 were expanded, a larger number than the 540
expanded gene families in Ac. calamus A and the 841 expanded gene
families in Ac. calamus B. In contrast, a smaller number of contracted
gene families, i.e., 696, was observed in Ac. gramineus, compared to
1644 in Ac. calamus A, and 1025 in Ac. calamus B, which is likely due to
the substantial gene loss after the polyploidization of the Ac. calamus
genome (Fig. 2). As indicated by the BUSCO analyses above, both Ac.
calamus A and B have lost more genes than Ac. gramineus. After
becoming allotetraploid, it seems that both subgenomes of Ac. cala-
mus have lost genes reciprocally. For instance, 185 of the 242 missing
BUSCOs in the subgenomeA retain in the subgenomeB,while94of the
151 missing BUSCOs in subgenome B retain in the subgenome A,
leading to the gene family contractions in subgenomes A and B15,22.

To reveal the effects of gene loss and gain during the formation of
the most recent common ancestor (MRCA) of monocots, we per-
formed GO enrichment analysis for the 28 significantly changed gene
families on the branch leading to the MRCA of monocots. We found
that the 20 significantly contracted gene families were enriched in the
terms ‘transferase activity, transferring hexosyl groups’, ‘iron ion
binding’, and ‘catalytic activity’ (Supplementary Data 1), probably
reflecting the decoration of hexoses at iron ion binding activity that
might not be active in monocot species. The eight significantly
expanded gene families were enriched in ‘O-methyltransferase
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activity’, ‘fatty acid biosynthetic process’ and ‘protein dimerization
activity’ (Supplementary Data 2), implying that the transfer of the
methyl group to the oxygen atom of acceptor molecules and bio-
synthesis of diversified fatty acids might contribute to unique mono-
cot characteristics such as the formation of rhizomes and habitat at
wetland zone. The KEGG enrichment results showed that 20 sig-
nificantly contracted gene families were particularly enriched in the
‘cytochrome P450’ and ‘oxidative phosphorylation’ pathways (Sup-
plementary Data 3). The eight significantly expanded gene families
were enriched in the KEGGpathways of ‘sphingolipidmetabolism’, and
‘metabolism of xenobiotics by cytochrome P450’ (Supplementary
Data 4). Sphingolipids act as physiological mediators regulating ABA-
dependent guard cell closure, programmed cell death, pathogen
resistance, and cold stress signalling23. Plants have the ability to pro-
duce a vast array of metabolites by versatile cytochrome P450 activity
to protect themselves as well as affect other organisms in the same
ecosphere24. KEGG enrichment of these two pathways implies that
sphingolipids and xenobiotics produced in monocots might play
important roles in adaptation to wetland growth niches. We also
identified gene families that were present in 14 monocot genomes but
absent in the genomes of five non-monocot species, and found seven
gene families enriched in the GO terms ‘regulation of transcription,
DNA-template’, ‘nucleosome assembly’, ‘phosphorelay signal trans-
duction system’, and in the KEGG pathways of ‘plant hormone signal

transduction’, and ‘biosynthesis of amino acids’ (Supplementary
Figs. 20, 21; Supplementary Data 5). These results provide a reference
for further study of biological processes and species differentiation in
monocots.

Whole-genome duplication in Acorus and monocots
We constructed Ks-based age distributions for anchor pairs, i.e.,
duplicated genes retained in collinear regions of a genome, uncovered
in the three Acorus (sub)genomes (see Methods) and observed peaks
that signal WGDs at Ks values of about 0.46. The Ks peak values of the
three anchor-pair distributions are all lower than the peak value in the
KS distribution of the one-to-one orthologues between Ac. gramineus
and Spirodela polyrhiza (Ks = 1.88), indicating that theWGD signatures
are specific to Acorales and not shared with other monocots (Fig. 3,
Supplementary Fig. 22). Furthermore, we estimated the synonymous
substitution rate in the lineage to Acorus as 5.26 × 10−9 per site per year
(seeMethods), hence the Acorus-specificWGDwould have occurred at
~41.7Mya,with a 95% confidence interval (CI) of 38.9–42.8Mya. In turn,
the KS peak for orthologs between Ac. gramineus and Ac. calamus (A
and B) is at 0.058 (Fig. 3a, Supplementary Fig. 22), implying that the
divergence between Ac. gramineus and the common ancestor of
Ac. calamus A and B occurred ~9.9Mya (95% CI: 5.6–21.6 Mya), while
the divergence time for the (progenitors of the) subgenomes A and B
of Ac. calamus A and Ac. calamus B, with a Ks value of 0.055 was
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Fig. 2 | Phylogenetic tree showing divergence times and the evolution of gene
family size in 19 species. The green and red numbers are the numbers of
expanded and contracted gene families, respectively. The blue portions of the pie
charts represent the gene families whose copy numbers are constant. The orange
portions of the pie charts represent the proportion of the 11,421 gene families
found in the most recent common ancestor (MRCA) that expanded or contracted

during recent differentiation. Star, showing the time and position of genome
polyploidy event, the blue, yellow, cyan and green stars represent N. tetragona,
core eudicot, Acorus and other monocots, respectively. For each branch, the pie
chart shows the gene families number of contracted (green), expanded (red) and
stable (blue).

Article https://doi.org/10.1038/s41467-023-38829-3

Nature Communications |         (2023) 14:3661 4



estimated at ~8.5Mya (95% CI: 4.4–19.8 Mya) (Fig. 2, Supplementary
Fig. 22, see Methods).

Combining previously published data25–41, our analyses of the
Acorus genomes suggest the following major paleopolyploidy events
during the evolution ofmonocots (Fig. 2): (1) the τWGDwas shared by
most monocots and supposed to have occurred ~120Mya (95% CI:
110–135 Mya)29, (2) the σ WGD was shared by all Poales and supposed
to have occurred ~110Mya (95% CI: 100–120 Mya)29,34,35,39, (3) the two
consecutive WGDs SPα and SPβ in the lineage leading to Sp. Polyrhiza
within a short period of time about 95 Mya30,40, (4) the ρ WGD was

sharedby all Poaceae and supposed tohaveoccurred ~70Mya36, (5) the
orchid WGD was shared by all orchids and also supposed to have
occurred ~74Mya (95% CI: 72–78Mya)32, (6) the Acorus WGD, which
have occurred ~41.7Mya in the common ancestor ofAc. gramineus and
Ac. calamus. All the ancient WGDs reported in monocots above are
younger than the divergence between Acorales and other monocots,
estimated to be at ~140Mya (95% CI: 135–144 Mya), which agrees with
the fact that we could not detect any signal forWGD events older than
the Acorus specific ones. For instance, intergenomic collinear analyses
between the two Acorus (sub)genomes and the Amborella genome,
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Fig. 3 | WGD in Acorus. a Ks distribution. Left y axis, orthologues of Ac. gramineus-
Ac. calamus A, Ac. gramineus-Ac. calamus B, and Ac. calamus A-Ac. calamus B. Right
y axis, paralogues of Ac. calamus A, Ac. calamus B, Ac. gramineus, pineapple and
rice.bDot plots of paralogues in theAc. calamusA,Ac. calamusB andAc. gramineus
genomes illustrating the shared WGD and paralogues in the Ac. calamus genome
clarifying the independent WGD event of Ac. calamus (Supplementary Fig. 24). c A

collinear comparison of the Ac. calamus and Ac. gramineus genomes with the
Amborella genome.Macrosynteny results showed that a collinear block pattern of 1
to 2 was retained between Amborella and Ac. calamus and between Amborella and
Ac. gramineus. The corresponding contig IDs of Amborella aremarked in the figure.
Source data are provided as a Source Data file.
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which has not experienced a WGD since the divergence of angios-
perms, only showed two collinear segments in an Acorus (sub)genome
to one collinear segment in the Amborella genome, in support of a
single WGD duplication shared by Acorus (Fig. 3c, Supplemen-
tary Fig. 23).

Karyotype evolution in Acorus and monocots
We compared chromosome structure and collinearity between
Ac. gramineus and Ac. calamus (A and B) by MCSCANX42 (Fig. 3b,
Supplementary Fig. 24 and Supplementary Tables 19, 20). We used
LAST to pairwise compare the genome protein sequences and made a
hits dotplot (Supplementary Fig. 25). Bymapping the scaffoldbreaking
points to dotplots between Ac. calamus A and Ac. gramineus,
Ac. calamus B and Ac. gramineus, and Ac. calamus A and Ac. calamus B,
we show that large collinear regions exist in all three genome com-
parisons. These large collinear regions do not coincide with scaffold
breakpoints, suggesting high continuity of the assembled Acorus
genomes. Furthermore, to investigate the karyotype evolution of
Acorus, the genomes of Arabidopsis43, Citrus sinensis44, and grape45

were selected as representative species of eudicots, and the genomes
of pineapple29, sorghum46, Sp. polyrhiza40, Phoenix dactylifera41,
Asparagus officinalis37, rice47,Dioscorea elata48 and both Acorus species
were selected as representative species of monocots. The grape gen-
ome is especially important in elucidating eudicot genome evolution
and is considered to have the most similar to the ancestral eudicot
karyotype (AEK). In turn, the oil palm genome49 retains a large number
of ancestral monocot karyotype (AMK), so it plays a crucial role in
elucidatingmonocot genome evolution. Then, eachmonocot genome

wascomparedwith oil palmwhile each eudicot genomewascompared
with grape using MCSCANX, the karyotype structure of each genome
could be obtained according to the collinear blocks (see Meth-
ods, Fig. 4).

By comparing collinearity between Ac. calamus A, Ac. calamus B,
and Ac. gramineus, we inferred the karyotype of their MRCA (Supple-
mentary Figs. 26–29). Fusion and fission events between two chro-
mosomes could be identified byobserving the gene homology dotplot
between theAc. calamus subgenomes andAc. gramineus50. We showed
an example of the deduction of one of the ancestral chromosomes
corresponding to Chr11 of Ac. calamus B, as shown in Supplementary
Figs. 26–28. Chr1 ofAc. calamusAhaswell collinearity with Chr11 ofAc.
calamus B (A1-1 and A1-3), except for A1-2 (Supplementary Fig. 28),
indicating either Chr1 of Ac. calamus A or Chr11 of Ac. calamus B
retained the ancestral karyotype. We further compared Chr1 of Ac.
calamus A with Ac. gramineus (Supplementary Fig. 26). Chr1 of Ac.
calamus A was divided into three segments (A1-1, A1-2 and A1-3), and
A1-2 was aligned to two segments of Chr6 (G6-1 and G6-4) of Ac. gra-
mineus, indicating that Chr1 of Ac. calamus A was rearranged after the
divergence of Ac. gramineus and Ac. calamus. Together, these results
show that Ac. calamus B Chr11 corresponding to A1-1 and A1-3 of Chr1
of Ac. calamus were conserved after the divergence of Ac. gramineus
and Ac. calamus, and retained the ancestral karyotype. Based on these
deductions, we thus reconstructed the MRCA karyotype for Ac. gra-
mineus and Ac. calamus with ten chromosomes (Supplementary
Fig. 29). We found that Ac. calamus B (B15 and B19 in Supplementary
Fig. 29) and Ac. gramineus (G1 and G2 in Supplementary Fig. 29)
experienced specific chromosome split events,whichmay explainwhy
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Fig. 4 | The karyotype evolution in monocots. Evolutionary scenario of Acorus
and other representative angiosperm plants from the most recent common
ancestor (MRCA) of 15 protochromosomes. After the divergence of monocots and
eudicots, eudicots have been suggested to consist of seven (pre-γ ancestor) or 21
(post-γ ancestor) protochromosomes, with γ indicating an ancestral whole-genome
triplication shared by most, eudicots (WGT-γ), such as Ar. thaliana and C. sinensis.
In monocots, such as An. comosus and O. sativa, consisting of five (pre-τ ancestor)
or ten (post-τ ancestor) chromosomes,with τ indicating the ancientWGD sharedby

most monocots, of which Acorus did not experience τ-WGD and have five chro-
mosomes of pre-τ ancestor and experienced a WGD until 42 Mya, leading to 12, 10
and 12 chromosomes in Ac. gramineus, Ac. calamus A and Ac. calamus B, respec-
tively. Thereafter, Ac. calamus A and Ac. calamus B formed an allotetraploid Ac.
calamus with 22 chromosomes. The composition of ancestral chromosomes in
modern plant genomes is shown below, with different colours representing dif-
ferent ancestral chromosomes. Distant polyploidization events are represented by
circles in different colours. Source data are provided as a Source Data file.
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the chromosomenumber ofAc. calamusB andAc. gramineuswas 12. In
summary, reconstruction of the ancestral Acorus genome, and con-
sidering WGD events, suggests that the number of ancestral monocot
chromosomes was five. Acorus did not share any of the older WGDs in
monocots, but experienced a lineage-specific WGD at ~41.7Mya (see
above), which ultimately led to 12, 10 and 12 chromosomes in
Ac. gramineus, Ac. calamus A and Ac. calamus B, respectively. Next,
progenitors of Ac. calamus A and Ac. calamus B formed an allote-
traploid with 22 chromosomes (Fig. 4).

Allotetraploid formation
Ac. calamus resulted from a hybridization of two ancestral diploid
Acorus species, the GenomeScope analysis based on K-mer above also
provides support for the allopolyploidization event (Supplementary
Fig. 4). Phylogenetic analysis shows that Ac. calamus A and B form a
clade and are sister to Ac. gramineus, and that the two parents have
diverged around 8.5Mya (95% CI: 4.4–19.8 Mya) (Fig. 2). Therefore, we
believe these results provide substantial evidence for an allotetraploid
origin of Ac. calamus. Because there is only one extant diploid Acorus
species left, it is challenging to identify the diploid ancestral lineages
and to unveil the exact evolutionary origin of Ac. calamus. However,
the low consistency of collinearity betweenAc. calamus subgenomes A
and B and the genome of extant Ac. gramineus (Fig. 5e, Supplementary
Figs. 29, 30) suggests that both subgenome progenitors have been
derived from quite different diploid lineages, not closely related to
Ac. gramineus. Likely, these progenitors are extinct diploids from a
relatively distant lineage in Acorus. Then, to estimate the age of the
allopolyploidy event, i.e., the hybridization event when the two par-
ental genomesweremerged,we collected transposable elements (TEs)
from the two subgenomes of Ac. calamus and assessed their diver-
gence rates15,51 (Supplementary Fig. 11). The TE sequence divergence
between the two subgenomes of the tetraploid Ac. calamus shows a
high degree of overlap, which suggests the consistency of the TE
evolutionary rate in two subgenomes18 (Fig. 5a). The non-overlapping
segregation region indicates the time frame from the divergence
between the two diploid progenitors (estimation of 8.5 Mya) to the
allopolyploidy event when the two progenitors hybridized as a tetra-
ploid genome at 1.3Mya (Fig. 5a; see Methods).

Asymmetric evolution of subgenomes in the allotetraploid Ac.
calamus
Subgenome dominance occurs when one of the subgenomes has
genes showing higher expression, experiencing stronger purifying
selection, or maintaining lower levels of DNA methylation than the
other subgenome15,52,53. In Ac. calamus, subgenome A has ten chro-
mosomes with a total length of 318.86Mb and 21,743 genes, while
subgenome B has 12 chromosomes with a total length of 360.79Mb
and 24,322 genes. Gene family clustering analysis identified 13,754
homoeologous gene pairs between Ac. calamus subgenomes A and B
(see Supplementary Note 3, Methods), enabling us to compare the
expression profiles of the homoeologous pairs from the two sub-
genomes A and B in seven tissues, i.e., the flower, leaf, stem, root,
bract, peduncle, and inflorescence base. We analyzed the expression
bias of the homoeologous pairs in subgenome A and B and identified
homoeologous pairs with biased expression, i.e., higher gene expres-
sion towards subgenome A or B (Fig. 5d). Our results show more
homoeologous gene pairs with biased expressions towards sub-
genome B than those with biased expression towards subgenome A
across the seven sampled tissues (see SupplementaryNote 3,Methods;
Fig. 4d, f; Supplementary Figs. 31, 32; Supplementary Table 21). The
results hence suggest that the Ac. calamus subgenome B is the domi-
nant subgenome with, in general, genes that are expressed at higher
levels than genes of subgenomeA. Interestingly, despite subgenome B
being dominant, the differently expressed homoeologous pairs in the
two subgenomes also have different functions. Our GO enrichment

analyses show that the biased expressed homoeologous pairs towards
subgenome A are mainly involved in ‘diacylglycerol kinase activity’,
‘protein kinase C-activating G-protein coupled receptor’, ‘signaling
pathway’ and ‘protein phosphatase 1 binding’, while the biased
expressed homoeologous pairs towards subgenome B are mainly
involved in ‘intramolecular transferase activity’, ‘metabolic process’
and ‘riboflavinbiosynthetic process’ (Fig. 5d; Supplementary Table 22).

We then calculated the ratio of nonsynonymous substitutions to
synonymous substitutions for eachhomoelogous genepair to evaluate
selection pressure on genes of both subgenomes. Selection pressure
on these 808 homologs (338 and 470 genes that are subgenome A
biased and B biased, respectively) with extreme divergent expression
in the two subgenomes (Supplementary Data 6) showed that the
dominantly transcribed homoeologous copies, regardless of their
subgenome location, weremore likely experiencing stronger purifying
selection than their homoeologs (Mann–Whitney U-test, I_A/I_B,
p-value = 0.224, II_A/II_B, p-value = 0.013) (Fig. 5c).

Some studies onpolyploid species have shown that the difference
in subgenome methylation is also related to subgenome
dominance54,55. Hence, we compared the distributions of mCG,mCHG,
and mCHH in the 13,754 homoeologous protein-coding genes with
their 2 kb upstream and downstream regions in the two Ac. calamus
subgenomes (see Methods). The results showed that the CG methy-
lation level in subgenome B was lower than that in subgenome A in
both the upstream and downstream regions (Wilcoxon rank-sum test,
P-value = 0.0187), but subgenome B had higher CG methylation levels
than subgenome A in the gene bodies (Wilcoxon rank-sum test,
P-value = 4.8E-4). Both subgenomes had similar CHG and CHH
methylation levels in the upstreamanddownstream regions (Wilcoxon
rank-sum test, P-value > 0.05) (Supplementary Fig. 33), while the CHG
methylation level in the gene bodies of subgenome B was higher than
that in subgenome A, and the CHH methylation levels in the gene
bodies of subgenomeBwas lower than that in subgenomeA (Wilcoxon
rank-sum test, P-value = 0.0483) (Supplementary Table 23).

Previous studiehave shown that the hypermethylatedmethylation
level of gene body CG mostly appeared in conservative constitutively
expressed genes56,57. Therefore, it is possible that more constitutively
expressed genes were retained in the Ac. calamus subgenome B. CG
hypermethylation in the promoter region usually inhibits gene
expression, while the methylation level of the upstream and down-
stream regions in subgenome B is lower than that of subgenome A
(Supplementary Table 23). Therefore, the genes showing the sub-
genomeB expression biasmaybe the result of the lower andhigher CG
methylation in the promoter regions and genebodies of subgenomeB,
respectively.

To explore the relationship between methylation and sequence
evolution in protein-coding regions, we obtained the P-value of each
gene’smethylation level by a binomial test, andhomoeologous genes
(both genes in a homologous pair are methylated) with PCG < 0.05
were selected as CG body-methylated genes. To reduce the influence
of non-CG methylation, we eliminated genes with PCHG < 0.05 and
PCHH < 0.05 and finally obtained 1513 CG gene body-methylated
homoeologous genes. The Ks distribution and DmCG/C distribution
of these genes shows that the rate of CG methylation changes in
these genes (DmCG/C) was significantly higher than the substitution
rate (Ks) of the coding regions (Fig. 5b, Supplementary Table 23),
indicating that after the two subgenomes diverged, and the methy-
lation substitution rate was higher than the rate of synonymous
substitutions13.

The above analyses suggest that subgenome B of Ac. calamus is
dominant over subgenome A. Compared with subgenome A, sub-
genome B has lost fewer genes, underwent stronger purifying selec-
tion, andhas a higher expression of genes and reducedCGmethylation
levels in the promotor region, indicating asymmetrical genome evo-
lution of tetraploid Ac. calamus after genome merging.
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The evolution of unique morphological traits
MADS-box genes are known to be involved in many important pro-
cesses during plant development but are especially known for their
roles in flower development58. Because Acorus is a sister group to the
rest of the monocots and is famous for its flower morphology with six
tepals and stamens in two whorls of three, we focused on identifying
and characterizing theMADS-box genes inmoredetail. In total, 90 and

90 putative MADS-box genes were identified in Ac. gramineus and
Ac. calamus with 45 in subgenome A and 45 in subgenome B, respec-
tively (Table 1 and Supplementary Data 7, 8). The numbers of MADS-
box genes in the two Acorus genomes were higher than those found in
other monocots, such as rice (74 members)59, Phalaenopsis equestris
(51 members), and Apostasia shenzhenica (36 members)32,60. Interest-
ingly, the tetraploid Acorus has the same number of MADS-box genes
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as the diploid Acorus species. We identified 63 type I MADS-box genes
in Ac. gramineus and 42 type I MADS-box genes in Ac. calamus, with 22
in subgenome A and 20 in subgenome B, which were further classified
into three subfamilies: Mα, Mβ, and Mγ (Table 1). Tandem gene
duplications seem tohave contributed to the increase in thenumber of
type IMADS-box genes61 and suggest that type IMα andMγ genes have
been mainly duplicated by smaller-scale andmore recent duplications
(Supplementary Figs. 34, 35).

Ac. gramineus has 27 type II MADS-box MIKCc genes and five
MIKC* genes, and Ac. calamus has 38 type II MADS-box MIKCc genes
with 19 genes in each of subgenomes A and B, respectively, and ten
MIKC* genes with four and six in subgenomes A and B, respectively.
Phylogenetic analysis showed that most of the genes in the type II
MADS-box clades had been duplicated, except those in the B-PI, AP3,
AGL6, SOC1, SVP, and OsMADS32 clades. In addition, FLC and AGL15
clade genes could not be found in Acorus (Supplementary Fig. 34).
Ac. gramineus andAc. calamushave fourBs-like genes,more thanother
sequenced monocot genomes (Table 1). The Bs gene is involved in the
differentiation and development of ovules62. Type I genes have been
associated with the development of the embryo, central cell, and
endosperm63–65. Theduplicationof theType IIBs andType IMα andMγ
genes may be related to the fact that the inner integument in Acorus
forms the micropyle and is much larger than the outer integument.

The FLC genes have been found in cereals, but they are difficult to
identify because they are highly divergent and relatively short66.
However, genes in the AGL15 clades are present in the genomes of rice
and Arabidopsis thaliana; therefore, orthologues of FLC and AGL15
might have been specifically lost in Acorus and orchids67,68 (Supple-
mentary Fig. 34).

The A, B-AP3/PI, C/D, and E subfamilies are the major compo-
nents in the well-known ‘ABCDE’ model in flowering plants that
describe their roles in the development of petals, calyx petals, sta-
mens, and ovaries58,69. We further investigated the expression of
MADS-box genes, based on their classifications in the ABCDE model,
in both Acorus species, by RNA-seq analyses (Supplementary Figs. 36,
37). The results showed that the ABCDE genes were majorly expres-
sed in reproductive organs, except that expression of A-class genes
were very low (Supplementary Fig. 37). B-class AP3-like genes were
mostly expressed in stamen and moderately in tepals, while B-class
PI-like genes were predominantly expressed in the stamens of
Ac. gramineus and have strong expressions in tepals and stamens in
Ac. calamus. This suggests that the expression of B-class genes is
critical for both tepal and stamen identity in early monocot floral
development. As the expression of C/D-class genes in carpels is
conserved in other angiosperms, their expression was mostly
detected in carpel. The differentially accumulated transcripts of

Fig. 5 | The time of allotetraploidization and DNA methylation in homo-
eologous expression bias in Ac. calamus. a The distribution of sequence diver-
gence ratesofTEs aspercentages of subgenome size ofAc. calamus. TheTEcontent
segregation between subgenomes A and B indicates the events of diploid pro-
genitor divergence ( ~ 8.5 Mya) and subgenome merger ( ~ 1.3Mya) in tetraploid of
Ac. calamus. b The synonymous substitution rate (Ks) of CG body-methylated
homoeologous genes and the substitution rate distribution of gene-body DmCG.
c Boxplot of the Ka/Ks ratio distribution of homoeologous genes of two extremely
divergent expression clusters in two subgenomes as show in d. dHeatmaps of two
extremely divergent co-expression clusters, of which one of two homoeologous

genes in subgenome A or B was extensively transcribed while the other copies
suppressed in seven tissues (flower, inflorescence, peduncle, leaf, root, bract, and
stem). Cluster I, presents A bias genes; Cluster II, present B bias genes. FPKM,
fragments per kilobase of exon per million fragments mapped for each predicted
transcript. e Collinearity of Ac. calamus subgenome A, Ac. calamus subgenome B
and Ac. gramineus after the WGD and in specific. f The distribution of homolog
expression bias (HEB) of homologous gene pairs in all tissues of Ac. calamus A and
B. HEB >0 indicates a bias toward the subgenome A, and HEB <0 indicates a bias
toward the subgenome B. Source data are provided as a Source Data file.

Table 1 | MADS-box genes inAr. thaliana, Sp. polyrhiza,Ap. shenzhenica, Ph. equestris,O. sativa,Ac. gramineus,Ac. calamusA
and Ac. calamus B

Category Ac. gramineus Ac. calamus A Ac. calamus B Ap. shenzhenica Ph. equestris Sp. polyrhiza Ar. thaliana O. sativa

Type II (Total) 27 23 25 27 29 20 45 43

MIKCc 22 19 19 25 28 18 38 37

MADS* 5 4 6 2 1 2 7 6

A 2 3 2 2 3 2 4 4

Bs 4 2 2 1 1 1 2 3

AP3 1 1 1 2 4 0 1 1

PI 1 1 1 1 1 2 1 2

C/D 4 3 3 4 5 3 4 5

E 2 2 1 3 6 1 4 5

AGL6 1 1 2 2 3 1 2 2

AGL15 0 0 0 0 0 0 2 1

FLC 0 0 0 0 0 0 6 0

OsMADS32 1 0 1 1 0 0 0 1

AGL12 2 3 2 1 0 0 1 2

SOC1 1 0 1 2 2 0 5 3

ANR1 2 2 2 4 2 1 4 5

SVP 1 1 1 2 1 7 2 3

Type I (Total) 63 22 20 9 22 20 58 31

Mβ 1 1 1 0 0 6 17 9

Mγ 21 10 10 4 12 3 21 10

Ma 41 11 9 5 10 11 20 12

Total 90 45 45 36 51 40 103 74
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E-class genes could be observed in various floral organs (Supple-
mentary Fig. 36). The expression profiles of ABCDE genes revealed in
Acorus showed similar expression to those of rice floral identity
genes, where B-class genes were predominantly expressed at second-
and third whorls, C-class genes were mainly expressed at third- and
central whorls, and E-class genes were expressed at all the floral
whorls61,62. These results suggested that MADS-box genes from these
subfamilies create thebasic blueprint ofmonocot floral development
and form a very interesting system to study evolution of monocot
floral morphogenesis.

Vascular cambial and secondary xylem development
Woodiness, a secondary xylem derived from vascular cambium, has
been gained and lost multiple times in angiosperms but has been lost
in the MRCA of all monocots. Roodt et al.70 constructed a network of
genes involved in early vascular cambial differentiation forAr. thaliana
from the literature, and these genes are conserved in eudicots and
monocots (Supplementary Fig. 38). Based on this network, we identi-
fied these genes and their expression in Ac. gramineus and Ac. calamus
A and B, as well as species from early diverging angiosperms, mag-
noliids and monocots (Supplementary Table 24, Supplementary
Data 9–11). Previous studies have shown that TMO5 (TARGET OF
MONOPTEROS 5),BDL (INDOLE-3-ACETICACID INDUCIBLE 12), andBEN1
(BRI1-5 ENHANCED 1) play important roles in the differentiation of early
vascular cambia70,71. We found that these genes were all lost in Acorus,
Oryza sativa, and Z. mays (Supplementary Table 24, Supplementary
Data 11), which would suggest that these genes were already lost in the
ancestors of all monocots. OBP1 (OBF binding protein 1) plays an
important role in development and growth and is involved in cell cycle
regulation72–74. The results of our analysis suggested thatOBP1was lost
in the MRCA of monocots as well as in Amborella trichopoda and
Nymphaea colorata. In contrast,OBP1 genes arepresent and conserved
in the genomes of eudicot species, suggesting that the loss of these
genes in monocots may be specifically associated with the absence of
vascular cambium differentiation in the monocot lineage (Supple-
mentary Fig. 38).

Although monocots lack some key genes for vascular cambium
differentiation and vascular cambium activity maintenance, they do
have secondary cell walls., which deposited in cell during the sec-
ondary xylem developed of poplar75,76. We searched for Ar. thaliana
genes involved in secondary cell wall formation69,73,77–79, and these
genes are highly conserved across eudicots (Supplementary Data 11).
However, the XTH16 (XYLOGLUCAN ENDOTRANSGLUCOSYLASE/
HYDROLASE 16),CEV1 (CONSTITUTIVE EXPRESSIONOF VSP 1), andAIL6/
7 (AINTEGUMENTA-LIKE 6/7) genes were lost in monocots (Supple-
mentary Table 24, Supplementary Data 11). Despite the high con-
servation of the genes involved in early xylogenesis in all dicots,
monocots seem to have lost important genes associated with sec-
ondary xylem development.

In summary, for plants without a vascular cambium, such as N.
colorata and monocot species, we analyzed the genes involved in
the formation of vascular cambium, and found that theOBP1, TMO5,
REVOLUTA MOL1, and PEAR1 genes were absent (Supplementary
Data 11). However, in comparison with other angiosperms, mono-
cots have further lost the genes BEN1 and BDL. Eudicots (Arabi-
dopsis and Populus) retained CLE41/44, CEV1, PRR1, AIL6/7, which are
involved in the formation of vascular cambium and secondary cell
wall (Supplementary Data 11).We found thatmany genes involved in
vascular cambia and secondary cell wall formation were retained
and expanded during angiosperm evolution, particularly in mag-
noliids and eudicots. Similar to N. colorata, monocots have lost
genes related to vascular cambium development, which may
explain their scattered vascular bundles in the stem (Supplemen-
tary Fig. 38).

The evolution of the cotyledon
Based on the number of cotyledons, angiosperms are classified as
monocotyledonous if their embryos have only one cotyledon and
dicotyledonous if their embryos have two cotyledons. There are a few
exceptions, such as species in the genus Alocasia from Araceae, which
have two cotyledons, but these are considered as derived features. The
cotyledons in monocotyledons can transfer organic matter from the
endosperm to the plumule, hypocotyl, and radicle and absorb nutri-
ents, while the cotyledons in dicotyledons mainly store nutrients to
ensure embryo germination80.We analysed genes related to cotyledon
development in the sequenced genome of several species, including
the early diverging angiosperms (Amborella trichopoda and N. color-
ata), monocots (Alocasia, O. sativa, Z. mays, Ac. calamus, and Ac.
gramineus), and a eudicot (Ar. thaliana) (Supplementary Data 12), and
found that these genes that regulate the development of cotyledons
are conserved in angiosperms (SupplementaryTable 25). Among those
genes, the redundant CUC and SHOOT MERISTEMLESS (STM) are
required for shoot apical meristem formation and cotyledon
separation81,82. Interestingly, the STM gene family has expanded to
three members in Ac. gramineus, and two in Ac. calamus A and two in
Ac. calamus B, but has been lost in O. sativa and Z. mays. Compared to
the investigated early diverging angiosperms and eudicots, all having
three members of the CUC genes, fewer numbers of CUC genes were
found in all the investigated monocot (sub)genomes (Supplementary
Table 25). Single mutations in the PIN-FORMED1 (PIN1) and PINOID
(PID) genes moderately disrupt the symmetric patterning of
cotyledons82, and the PIN1 and PID double mutant displays a striking
phenotype that completely lacks cotyledons and bilateral symmetry82.
PIN1 and PID were duplicated in Ac. calamus (PIN1: Ac. calamus A, two
members, and Ac. calamus B, two members; PID: Ac. calamus A, two
members, and Ac. calamus B, two members), Ac. gramineus (PIN1: two
members, PID: two members), rice (PIN1: two members, PID: two
members) and corn (PIN1: threemembers, PID: twomembers) but only
single copies were found inAmborella and Arabidopsis, andN. colorata
(PIN1: two members) (Supplementary Fig. 39; Supplementary
Table 25).

In dicotyledonous plants, the aboveground part of the seedling
exhibits bilateral symmetry, as evidenced by two symmetrically loca-
ted cotyledons with the shoot apical meristem (SAM) between them83.
We infer that the expansion of PIN1 and PID genes and the contraction
of CUC genes specifically affect SAM formation, resulting in a flat or
aberrant structure at the site normally occupied by the SAM of
monocots (Supplementary Table 25). We also found that the expan-
sion of the PIN1 genes in N. colorata was like that of monocots, which
could explain the fact that N. colorata, similar to monocots, also has
one cotyledon84, but this hypothesis requires further verification.

Adaptation to wetland environments
It has been shown that the immune signalling complex—ENHANCED
DISEASE SUSCEPTIBILITY 1 (EDS1)/PHYTOALEXIN DEFICIENT 4
(PAD4)/SENESCENCE ASSOCIATED GENE101 (SAG101)—and some key
signalling pathways downstream of nucleotide binding leucine-rich
repeat receptors (NLR)—such as NON-RACE SPECIFIC DISEASE
RESISTANCE-1 (NDR1)—were lost in five angiosperm species including
Sp. polyrhiza, Z. marina, As. officinalis, Utricularia gibba, and Genlisea
aurea85. Except for As. officinalis, the other four species are adapted to
an aquatic environment. These results indicate that minimal plant
immune system required for life under water, and highlight additional
components required for the life of land plants85. Because both aquatic
monocot and eudicot species lost the same well-known immune sig-
nalling complex and both Acorus species live in a wetland habitat, this
inspired us to adopt comparative genomics for investigating genes
encoding the five components of the immune signalling complex
including EDS1, PAD4, SAG101, NDR1, and ACTIVATED DISEASE
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RESISTANCE-LIKE 1 (ADR1) in the two Acorus species and further com-
pared the Acorus genes with those from early diverging angiosperms,
monocots, and eudicots. Our results show that bothAcorus species lost
all components in the immune signalling complex except SAG101,
which is similar to what has been observed in aquatic monocots and
eudicots (Supplementary Data 13).

Interestingly, fossil evidence indicates that mycorrhizal associa-
tions haveoccurred since400million years ago and implies that fungal
interactions were critical for plant terrestrialization86,87. In addition,
preventing the formation of the immunity complex could repress rice
immunity by depleting the signalling of receptor-like kinase OsCERK1
to promote establishment of AM symbiosis in rice88. Thus, we suggest
that reduction of the number of immune signalling genes might pro-
mote Acorus species to develop ecological associations with symbiotic
fungi for adaptation to a wet land environment.

The Acorus rhizome is in great demand for its essential oils, which
are used in the perfumery and pharmaceutical industries89. The Acorus
roots interact with endophytic fungi, such as Penicillium citrinum
AVGE190, to formthe rhizome, conferringbenefits to theAcorus species
ecologically by tolerating environmental stresses90. We investigated
the expressionpatterns of the biosynthetic strigolactone (SL)pathway,
which is a plant hormone that helps in the establishment of symbiotic
relationships between plants and fungi, in both Acorus species (Sup-
plementary Fig. 40). The results show that only the expression ofMAX1
(MORE AXILLARY GROWTH1) orthologs (DACA002484 and
DACA010471) was highly induced in the stems of Ac. gramineus, and
those of CP_A004141 and CP_A021526 from Ac. calamus A were
expressed in the stem and CP_B008100 from Ac. calamus B was
expressed in the root of Ac. calamus (Supplementary Fig. 40). MAX1 in
Arabidopsis can convert carlactone into a carboxylatedmetabolite, i.e.,
carlactonoic acid91. Similar to the MAX1 orthologs in rice, two MAX1
orthologs were also discovered in the genome of Ac. gramineus and
both subgenomes of Ac. calamus, suggesting that the two MAX1
members were already present in the common ancestor of monocots.
Furthermore, one MAX1 ortholog was specifically expressed in the
stem and the other was expressed in the root of Ac. calamus, sug-
gesting that the MAX1 orthologs in the two subgenomes have experi-
enced subfunctionalization. It has been reported that the Arabidopsis
MAX1 mutant shows a shoot branching phenotype and can be fully
rescued to wild type by adding strigolactone92. High expression of
MAX1s in the stem of Ac. gramineus and Ac. calamus confirmed that
MAX1 genes have a biological function in inhibiting shoot branching.
The reason that expressions of SL biosynthetic genes were not highly
detected in the roots might be that SLs stimulate early symbiotic
responses in both of symbionts but not at the stable stage of
symbiosis93. Further study of SLs regulating symbiosis with fungi at
early stage of establishment in Acorus will get insight into the under-
standing of monocots adapting to terrestrialization.

To improve our understanding on the origin and evolution of
monocots,we generated chromosome-level referencegenomes of two
species of Acorus, namely the diploid Ac. gramineus and the tetraploid
Ac. calamus. Both species make up the Acoraceae, a sister group of all
other monocots. We uncovered that the only remaining extant diploid
species within Acorales, Ac. gramineus, is most likely not a direct
diploid progenitor of Ac. calamus, an allotetraploid consisting of two
subgenomes, ‘A’ with 20 chromosomes and ‘B’ with 24 chromosomes.
Comparison of the subgenomes of Ac. calamus and the genomes of Ac.
gramineus and other monocots showed clear evidence of a WGD
shared by both Acorus species after their divergence from other
monocots. Evidence for olderWGDs in the Acorus lineage could not be
found. In addition, the Acorus genomes allowed us to reconstruct the
ancestral karyotype of monocot chromosomes, while comparisons
between the gene content of Acorus species and other monocots and
angiosperms permitted the reconstruction of an ancestral monocot
gene toolkit. Subgenome B of Ac. calamus has lost fewer genes than

subgenome A, while genes on subgenome B experienced stronger
purifying selection, have higher levels of expression and show reduced
CGmethylation levels in the promotor region, suggesting asymmetric
evolution of the tetraploid Ac. calamus genome, and dominance of
subgenomeB.We identified gene families, gene family expansions and
contractions that appeared in ancestral monocots. Our analyses
showed that early in monocot evolution, species already exhibited
many genomic features related to flower development and cotyledon
evolution, vascular cambia, secondary xylemdevelopment, adaptation
to wetland environments, providing fundamental insights into the
origin, evolution and diversification of monocots.

Methods
Sample preparation and sequencing
The plantmaterials (leaves, stems, and flowers) used in this study were
collected an individual from wild Ac. gramineus and Ac. calamus
growing in Youxi County, Fujian Province, China (26°6′57.43″N, 118°2′
27.18″E), respectively. The plant materials were cleaned with 75%
alcohol and then pure water for DNA extraction. Genomic DNA was
extracted based on cetyltrimethylammonium bromide (CTAB) meth-
ods. DNA sequencingwas performed using PacBio to sequence a 20 kb
single-molecule real-time (SMRT) DNA library on the PacBio Sequel
platform (for details of SMRT DNA library construction we refer to the
reference link Procedure Checklist—Preparing gDNA Libraries Using
the SMRTbell Express Template Preparation Kit v2.0 (pacb.com)).
SMRTbell template preparation involved DNA concentration, damage
repair, end repair, ligation of hairpin adapters, and template purifica-
tion, and was performed using AMPure PB Magnetic Beads (Pacific
Biosciences). In the process of library construction, AMPure Beads was
used to purify DNA. Finally, we obtained 57.12 Gb and 86.45Gb PacBio
data for genome assembly (read quality ≥0.80 and mean read length
≥7 kb) (Supplementary Tables 1, 2).

The tissues including the flower, inflorescence, seed, leaf, root,
bract and stem from an Ac. gramineus individual and an Ac. calamus
individual in wild were sampled for transcriptome sequencing. Total
RNA was qualified and quality-checked using Nano Drop and Agilent
2100 bioanalyzer (Thermo Fisher Scientific). Libraries were con-
structed using the mRNA-seq Prep Kit (Illumina) and then sequenced
by the Illumina HiSeq 4000 platform.

Genome size estimation and sequence assembly
Before genome assembly, we used clean Illumina reads to estimate
genomic features. According to the Lander-Waterman theory94, the
genome size and heterozygosity can be calculated by the total number
of K-mers divided by the peak value of the K-mer distribution. K-mer
analysis iteratively selected K bp sequences from a continuous
sequence; if the length of reads was L and the length of the K-mer was
K, then we obtained an L-K+ 1 K-mer. Here, we took K as 17 bp, and the
17 mer frequency table was generated by Jellyfish v2.1.495. Finally, we
used the GenomeScope28,96 software to estimate the genome size,
heterozygosity, and repeat sequence. According to the K-mer dis-
tribution, we found that the heterozygosity rate in Ac. gramineus and
Ac. calamuswas very high (Supplementary Fig. 4). With the peak as the
expected K-mer depth and the formula

Genome size =TotalK �mer=ExpectedK �merdepth ð1Þ

the size of Ac. gramineus genomewas estimated to be 409.66Mb, and
Ac. calamus two subgenomes average size at 348.65Mb, respectively
(Supplementary Fig. 4).

The Ac. gramineus and Ac. calamus genomes were assembled by
PacBio reads. First, we used Falcon97 to correct the raw data and then
used Smartdenovo v1.098 to assemble the corrected data. Due to high
error rate of the PacBio reads, indel and SNP errors still existed in the
assembly results. The assembly results of Smartdenovowere corrected
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with polishing using arrows (https://github.com/PacificBiosciences/
GenomicConsensus). Finally, the Illumina reads were aligned to the
assembly result by bwa, and Pilon v1.2299 was used to correct the
assembly results to further eliminate indel and SNP errors.

The Hi-C scaffolding
The leaves were fixed in 1% formaldehyde for library construction. For
Hi-C scaffolding, the cell lysis, chromatin digestion, proximity-ligation
treatments, DNA recovery and subsequent DNA manipulations were
performed100. Fixed tissue was frozen in liquid nitrogen and grounded
to powder, and the cross-linked DNA was digested with restriction
endonucleaseMbol or DpnII. Digested DNAwasmarked by incubating
with biotin-dCTP resulting in blunt-ended repaired DNA strands. After
interacting DNA fragments were ligated to form chimeric junctions in
blunt-end ligation buffer, the cross-linking was reversed, and DNA
fragments tagged with biotin were enriched with beads and then sent
to Hi-C library construction. The librarywas sequenced on the Illumina
HiSeq X platform for 150 bp paired-end reads. The Hi-C reads were
aligned to the draft assembly using the BWA aln algorithm101 with
default parameters, and the quality was then assessed using HiC-Pro
v.2.8.0 (http://github.com/nservant/HiC-Pro).

We obtained 66.30Gb raw data, which was first filtered using
SOAPnuke v1.5.3with the followingparameters:filter -n0.01 -l 20 -q0.4
-d -M 3 -A 0.3 -Q 2 -i -G -seqType 1. Juicer was applied to align the clean
data to genome, then the invalid interaction pairs, including self-circle
ligation, dangling ends, PCR duplicates and other potential assay-
specific artefacts, were discarded. The locations and directions of the
contigs were determined by 3d-DNA (v 180922) preliminarily. The
result of the first iteration of 3d-DNA was used as input for Juicerbox
(v1.11.08) (available at https://github.com/aidenlab/Juicebox/wiki/
Download). We visualized the Hi-C contact map and performed
extensive manual curation by Juicebox to adjust, reset, and cluster the
genome sequence. The resulting assembly was subjected to Pilon
program for error correction. Finally, high quality chromosome-level
genome was obtained including two subgenomes with ten and 12
chromosomes (Supplementary Fig. 7).

To visualize the chromatin contacts and check the assembly
quality, Hi-C reads weremapped to a genome and filtered by Juicerbox
(v1.11.08) (available at https://github.com/aidenlab/Juicebox). Then
the genome was divided into non overlapping bin, counted the num-
ber of pairs of Hi-C reads between each two bins, and generated a
cross-linking strength matrix. Then we normalized each value in the
matrix with log2, and finally visualized the cross-linking strength
matrix with matplotlib.

Gene and non-coding RNA prediction
Gene prediction and functional annotation were conducted by a
combination of homology-based prediction, de novo prediction and
transcriptome-based prediction methods. In the homology-based
prediction method, we mapped the protein sequences of three pub-
lished plant genomes (Arabidopsis thaliana, Zea mays and Oryza
sativa) onto the Ac. gramineus and Ac. calamus genomes by TBLASTN
(E-value 1 × 10−5) and then used GeneWise v.2.4.1102 to predict the gene
structures. In the de novo prediction method, the homology-based
results, Augustus v.2.7103, GlimmerHMM v.3.02104 and SNAP (version
2006-07-28)105 were combined to predict the genes. The tran-
scriptome data from multiple tissues were mapped onto the genome
assembly using TopHat v2.1.1106, and then Cufflinks v2.1.1106 was used
to assemble the transcripts into genemodels. MAKER v.1.0107 was used
to generate a consensus gene set based on the homology-based, de
novo, and transcriptome-based predictions (Supplementary Table 15).
Functional annotation of the predicted protein sequences was
achieved by aligning protein sequences against public databases,
including SwissProt, TrEMBLE and KEGG, with BLASTP
(E-value < 1 × 10−5). Additionally, protein motifs and domains were

annotated using the InterPro and Gene Ontology (GO) databases by
InterProScan v.4.8108.

The tRNA genes were searched by tRNAscan-SE109. For rRNA
identification, we downloaded the Arabidopsis rRNA sequences from
NCBI and aligned them with the Acorus genomes to identify possible
rRNAs. Additionally, other types of noncoding RNAs, including miR-
NAs and snRNAs, were identified by using INFERNAL110 to search the
Rfam database.

Repetitive sequences prediction
Repetitive sequence annotation was combined with homology pre-
diction based on the Repbase Library (http://www.girinst.org/repbase)
and de novo prediction based on self-sequence alignment. In the
homology-based method, RepeatMasker and RepeatProteinMask
v.4.1.0111 with the Repbase database were used to search for known
repeat sequences. In the de novo prediction method, LTR_FINDER
v.1.0.2112, PILER v.1.3.4113, and RepeatModeler v.1.0.3114 were used to
construct a de novo repeat sequence database for searching repeats in
the genome by RepeatMasker. To verify the percentage of de novo
repeats, we employed EDTA package (https://github.com/oushujun/
EDTA) for de novo TE annotation. To identity candidate centromeres,
we detected tandem repeats across the genome with TRF (v4.09), the
parameter is “2 7 7 80 10 50 2000 -d”. We draw the distribution along
the chromosome with a window size of 100 Kb. In the distribution, we
found Ac. calamus A and B has a more complete centromeric region
than Ac. gramineus.

Subgenome reconstruction
We partitioned the Ac. calamus genome into subgenomes A and B10,
the details as follows. The current allotetraploid genome of Ac. cala-
mus is a result of divergence and fusion of the two diploid ancestors.
During the evolution process, there are specific TE insertions after
their divergence and these TE sequences are the key to identify sub-
genomes. Chromosomes can be divided into homologous pairs based
on their collinearity, therefore the chromosomes that are subject to
the same subgenome should have the identical specific sequences. We
used Jellyfish v2.3.0 to break the genome sequence into 13 bp
sequences (13-mers), and used these sequences to identify specific
sequences in subgenomes. If 13-mers that (1) present >100 times across
the genome; (2) were at least twofold enriched in onemember of each
homoeologous chromosome pair. Clustering of counts of identified
13-mers using cluster v3.0 (http://bonsai.ims.u-tokyo.ac.jp/~mdehoon/
software/cluster), that differentiates homoeologous chromosomes,
enables partitioning of the genome into two subgenomes (Fig. 1b). In
subgenome reconstruction, we only compared the 13-mers’ frequency
between two homologous chromosome pairs.

We used the software SubPhaser11 to construct subgenomes, and
obtained an identical result as our custom code with respect to assign
chromosomes into the two subgenomes (Supplementary Fig. 8). Fur-
ther, using SubPhaser, we could detect potential exchange between
the two subgenomes. For instance, circles of Supplementary Fig. 8c
show the inferred homoeologous exchanges between the two sub-
genomes, such as the one at the 3' tail of Chr10.

Gene family identification
Single-copy gene families and multicopy gene families were obtained
by identifying homologous genes and clusters of gene families. First,
protein sequence data sets were constructed, including those for
Ac. gramineus, Ac. calamus A, Ac. calamus B and 16 other plant species:
Amborella trichopoda, Ananas comosus, Apostasia shenzhenica, Ara-
bidopsis thaliana, Asparagus officinalis, Brachypodium distachyon,
Dendrobium catenatum, Musa acuminata, Nymphaea tetragona, Pha-
laenopsis equestris, Phoenix dactylifera, Populus trichocarpa, Sorghum
bicolor, Spirodela polyrhiza, Vitis vinifera, and Oryza sativa. Then, the
protein sequences were used to perform all-against-all BLASTP
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searches. Because we aimed at identifying orthogroups across
angiospermsandOrthoMCL115 candealwithmis-specifiedhomologous
sequence pairs occasionally produced by BLASTP, we filtered the
BLASTP results with an E-value threshold of 1 × 10−5, a similarity
threshold of 30%, and a coverage (alignment length divided by query
sequence length) threshold of 50%. Lastly, the filtered results were
used to construct orthologous groups through OrthoMCL v2.0.9115,116.

Whole-genome duplication
Ks-based age distributions for all the paralogues of Ac. gramineus, Ac.
calamus A and Ac. calamus B were constructed117. We simulate the
evolution of coding sequences and re-calculate synonymous distances
to measure specific effects. Then, we include these effects in a popu-
lation dynamics model and simulate age distributions based on Ks
values. This allows us to see how Ks stochasticity and saturation affect
the detection of whole-genome duplications. In addition, paralogous
gene pairs located in duplicated segments (anchors) were identified in
the chromosome-level assembled genomes of Ac. gramineus, Ac.
calamus A and Ac. calamus B using i-ADHoRe (v3.0)118,119. Ks of homo-
logous gene pairs was calculated using Codeml (model = 2, run-
mode = −2) in the PAML4.9 package. The results of Ks distributions for
Ac. gramineus,Ac. calamusAandAc. calamusBare shown in Fig. 3a and
Supplementary Fig. 22.Kspeakswere identified inKsdistribution by an
R function (https://github.com/stas-g/findPeaks).

We selected the closest outgroup of Acorus and a sister branch,
((Acorus, Sp. polyrhiza), grape) and used the peak Ks value among the
three species, the divergence time of Acorus and its sister branch,
calculated the Ks rate of Acorus branch, which was 5.26e-9 per site per
year. Therefore, the time of theAcorus‘s ownWGDwas calculated from
the formula

T=Ks=2r ð2Þ

r means the Ks rate, which was 5.26e-9 per site per year for Acorus
branch.

Phylogenetic tree construction and phylogenomic dating
To obtain a reliable phylogenetic tree, it is necessary to obtain a reli-
able single-copy gene dataset. Orthogroups were constructed with Ac.
gramineus, Ac. calamus A, Ac. calamus B and 16 sequenced plant gen-
omes (Supplementary Note 2). Single-copy gene families containing
proteins <200bp in length were filtered out. The filtered protein
sequences were aligned by MUSCL v3.8.31120, and the CDS (coding
sequence) alignment results were obtained according to the relation-
ship between the protein and CDS. The conserved sequences were
obtained from the CD alignment results using Gblocks software121, and
the supergene was concatenated by all of the conserved sequences. A
phylogenetic analysis of the dataset was performed using MrBayes122

under the GTR+GAMMAmodel with four categories (Ngammacat = 4)
in the discrete Gammamodel to take the heterogeneity of substitution
rates among sites into consideration. It has been shown that as few as
four rate categories in the discrete Gamma model are not only com-
putationally practical but can also approximate the continuous
Gamma distribution to model variable rates among sites123. The para-
meters were set to ngen = 100,000, nchains = 4, burnin = 250. The rate
of sampling was every 100 generations as default.

The divergence time was estimated by MCMCtree of the PAML
v.4.7124 package, which was used to estimate divergence times in many
studies66,125–129. The nucleotide replacementmodel was the GTRmodel.
The Markov chain Monte Carlo (MCMC) process consists of a burn-in
of 500,000 iterations and 1,500,00,000 iterations with a sample fre-
quency of 150. The default setting used other parameters. The cali-
bration times were as follows: (1) Divergence time of Oryza sativa and
Brachypodium distachyon was 40–54 Mya. (2) Divergence time of
Arabidopsis thaliana and Populus tomentosawas 100–120Mya. (3) The

lower limit of the divergence time of monocotyledons and dicotyle-
donswas 140Mya130. (4) The upper limit of angiosperm formation time
was 200 Mya131.

Estimating the time of allopolyploidization
We collected the transposable elements (TE) from both subgenomes
and assessed their divergence rates in each subgenome (Fig. 5a). TE
divergence was assessed by PercDivs (Percentage of substitutions in
the matching region compared with the consensus) calculated in
RepeatMasker. TE sequence divergence between both subgenomes of
the tetraploidAc. calamusdisplaying a high degree of overlap suggests
the consistency of the TE evolutionary rate in the two subgenomes
(Fig. 5a). The non-overlapping segregation region indicator of diver-
gence to genomes merging was tetraploid genome51,52.

The biased expressed homoeologous pairs in subgenomes
We used BLAST to perform all-vs-all alignment for protein sequences
of Ac. calamus subgenome A, subgenome B and A. gramineus
(E-value < 1e-5) and clustered the results using OrthoMCL (expansion
coefficient as 1.5) to obtain gene family cluster results. In cluster
results, we selected single copy gene families of subgenomes A and B
as their orthologous pairs. We further used Bowtie2 to align clean
reads from seven tissues to reference genome sequence and calcu-
lated gene expression level via RSEM and used R package EdgeR to
conduct differential gene expression analysis. Homoeologous bias
expression was detected in the entire 35 tissue dataset through pair-
wise t-tests with significance thresholds set at P <0.01, FDR <0.05, and
at least two fold-changes in average expression levels132.

Karyotype evolution of Acorus
A comparative analysis was performed with the Acorus, Arabidopsis43,
orange44, grape45, pineapple29, sorghum46, rice47, Sp. polyrhiza40,
P. dactylifera41, As. officinalis37, and Dioscorea elata48 genomes. To
reconstruct the karyotype evolution model of Acorus, we compared
representative eudicots and monocots plants with grape and oil
palm49, respectively, and inferred the chromosome composition of
each species according to their collinear relationships. In detail, first,
to identify syntenic blocks, we performed an all-against-all LAST133 and
connected the LAST hits at a distance cut-off of 20 genes while
requiring at least five pairs for each syntenic block using MCSCANX42.
Then, we obtained an anchors file containing the homologs identified
via LAST. According to the position of grape/oil palm gene on the
ancestral chromosome karyotype, combined with the collinear rela-
tionship between grape/oil palm and analysed species, we can infer
which ancestral chromosome the gene of analysed species is on. The
final visualization of the karyotype result is achieved through the
graphics module of MCSCANX.

For the construction of MRCA of Acorus, a fusion between two
chromosomes could be identified by observing the dot-plot in differ-
ent comparison groups50,134,135. For example, in Supplementary Fig. 27,
the whole chromosome 11 (Chr11) of Ac. calamus B shows good colli-
nearity with chromosome 1 (Chr1) of Ac. calamus A. But in Supple-
mentary Fig. 26, Chr11 of Ac. calamus B breaks into two segments
collinear with chromosome 4 (Chr4) and Chr11 of Ac. gramineus,
respectively. So, by observing the results in Supplementary Fig. 25, we
candetermine the ancestor karyotype if it remains intact or breaks into
two segments. In Supplementary Fig. 25, the segment G1-3 of chro-
mosome 1, segment G4-1 and G4-4 of chromosome 4 of Ac. gramineus
together form Chr1 of Ac. calamus A. Above results suggest that the
ancestor karyotype remains intact structure like Chr11 of Ac. calamus
B. And so on, we reconstructed their MRCA karyotype with ten chro-
mosomes.We found thatAc. calamusB andAc. gramineus experienced
specific chromosome split events which may explain why the chro-
mosome number of Ac. calamus B and Ac. gramineuswas 12. Above all,
we agree with the hypothesis that the ancestral chromosome number
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of monocots was five. The paired synonymous substitution rates (Ks)
were calculated using the Nei-Gojobori method (https://github.com/
tanghaibao/bio-pipeline/tree/master/synonymous_calculation/
synonymous_calc.py).

Evolution and expression analysis of MADS box genes
We identifiedMADS-boxgenes by searching the InterProScan136 results
of all of the predicted Ac. gramineus and Ac. calamus (A and B) pro-
teins. The MADS-box domain comprises 60 amino acids, which were
identified for all theMADS-box genes using SMART137. We then aligned
all of the identified genes using the ClustalW138 program. An unrooted
neighbour-joining phylogenetic tree was constructed inMEGA5139 with
default parameters.

Transcriptome sequencing and assembly
For the two Acorus species, the total RNA was extracted from fresh
plant organs (roots, stems, leaves, and flowers) using the RNAprep
Pure Plant Kit, and genomic DNA was removed using RNase-Free
DNase I (both fromTiangen, Beijing, China). Raw readswere generated
by the Illumina platform. Transcripts were assembled from filtered
reads using Trinity v.2.4.8140.

Selection pressure analyses
We extracted the genes that have bias expression in seven tissues
(flower, leaf, stem, root, bract, peduncle and inflorescence), yielding
338 and 470 genes that are subgenome A biased and B biased,
respectively. The heatmap were generated based on the expression
level (TPM) of the above 808 genes in seven tissues, showing two
clusters (subgenome A bias or B bias). The homologs of these 808
genes in Ac. gramineus were identified based on Blast RBH, and mul-
tiple sequence alignment was performed using Muscle. The Ka and Ks
calculationwas conducted using codeml in PAMLwith the input tree as
(SCP, Ac. gramineus; CP_A, Ac. calamus_A; CP_B, Ac. calamus_B). The Ka
or Ks value for each clade was calculated using the free-ratio model,
and the values were presented as a box-plot (Supplementary Note 3,
Supplementary Figs. 41, 42, Supplementary Tables 26–28, Supple-
mentary Data 14, 15).

Methylation substitution rate of Ac. Calamus
We used the binomial distribution test to determine whether the
cytosine loci in the genome were methylated. We used function:
binom_test (x ≥ k; n, p) from scipy package to calculate the binomial
distribution probability of each cytosine locus, which represents the
readcoverage depth of the cytosine loci,where k is the coverage depth
of themethylated cytosine loci and p is the error rate. We further used
the following formula to determine themethylation level of the genes.

PCG =
Xncg

i =mcg

ncg

i

� �
pi
cgð1� pcgÞncg�i, ð3Þ

In this formula, PCG represents the P-value of the methylation
level, ncg is the number of C residues at the CG loci with a read cov-
erage depth >5, andmcg is the number of C residues at the methylated
CG loci with a read coverage >5. The number of C residues at the
methylated CG loci in thewhole genomewas divided by the number of
C residues at the CG loci to obtain pcg, which is the proportion of C
residues at the methylated CG loci in the genome.

Gene body andmethylation levels of different patterns in upstream
and downstream genes were calculated by “cal_methylation_dis-
tribution_in_genic_region.py” (https://github.com/2017dingkun/Acorus-
genome). The differential expression of homologous genes between
subgenomes was calculated by “allelic_gene_expression_compare.py”
(https://github.com/2017dingkun/Acorus-genome).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw genome and transcriptome sequencing data for Ac. calamus
and Ac. gramineus have been deposited to NCBI under BioProject
accession PRJNA782402. The sequencing assembly and annotation
data ofAc. calamus andAc. gramineus reported in this paper have been
deposited in the Genome Warehouse in National Genomics Data
Center, Beijing Institute of Genomics, Chinese Academy of Sciences/
China National Center for Bioinformation under accession
PRJCA017027; specifically, Ac. calamu is under accession number
GWHCBII00000000 and Ac. gramineus is under accession number
GWHCBIH00000000. Source data are provided with this paper.

Code availability
The in-house analysis scripts have been deposited in Github [https://
github.com/2017dingkun/Acorus-genome].
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