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Subgenome dominance shapes novel gene 
evolution in the decaploid pitcher plant 
Nepenthes gracilis
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Yee Wen Low    8, Charlotte Lindqvist7, Kadeem J. Gilbert9, Tanya Renner    10, 
Sachiko Masuda11, Michaela Richter    7, Gerd Vogg12, Ken Shirasu    11, 
Todd P. Michael    13, Rainer Hedrich    1, Victor A. Albert    7   & 
Kenji Fukushima    1 

Subgenome dominance after whole-genome duplication generates 
distinction in gene number and expression at the level of chromosome sets, 
but it remains unclear how this process may be involved in evolutionary 
novelty. Here we generated a chromosome-scale genome assembly of the 
Asian pitcher plant Nepenthes gracilis to analyse how its novel traits  
(dioecy and carnivorous pitcher leaves) are linked to genomic evolution. 
We found a decaploid karyotype and a clear indication of subgenome 
dominance. A male-linked and pericentromerically located region  
on the putative sex chromosome was identified in a recessive  
subgenome and was found to harbour three transcription factors  
involved in flower and pollen development, including a likely neofunct 
ionalized LEAFY duplicate. Transcriptomic and syntenic analyses of 
carnivory-related genes suggested that the paleopolyploidization 
events seeded genes that subsequently formed tandem clusters in 
recessive subgenomes with specific expression in the digestive zone 
of the pitcher, where specialized cells digest prey and absorb derived 
nutrients. A genome-scale analysis suggested that subgenome dominance 
likely contributed to evolutionary innovation by permitting recessive 
subgenomes to diversify functions of novel tissue-specific duplicates.  
Our results provide insight into how polyploidy can give rise to novel  
traits in divergent and successful high-ploidy lineages.

Novel phenotypes often arise from the emergence of new genes that have 
undergone functional divergence after gene duplication. Polyploidy, 
which involves the duplication of entire genomes, has been argued to 
have great potential to drive adaptive evolution through the emergence 

of novel phenotypes1. Although polyploid lineages are sometimes per-
ceived as evolutionary dead ends, characterized by short-term adaptive 
potential and high long-term extinction rates2, there are notable excep-
tions to this trend. For instance, flowering plants (angiosperms)3,4 and 
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dominance. Our analyses suggest that recessive subgenomes played a 
crucial role in permitting the adaptive evolution of tissue-specific genes 
associated with the unique biology of Nepenthes, and we discuss how 
gene divergence occurs under the influence of WGDs and subgenome 
dominance as well as subsequent small-scale duplications (SSDs).

Results
Genome assembly and annotation
We used a combination of Oxford Nanopore Technology (ONT) 
long-read and Illumina short-read sequencing (Supplementary 
Table 1) to generate megabase-scale genome assemblies for male and 
female N. gracilis plants (Fig. 1a and Supplementary Table 2), whose 
k-mer-based genome size estimates were approximately 722 Mb (Sup-
plementary Fig. 1). The male contigs were further improved through 
Hi-C scaffolding to generate a 752.9 Mb genome assembly containing 
40 chromosome-scale scaffolds (N50 = 18.6 Mb), which accounted for 
99.2% (746.7 Mb) of the total assembly size (Supplementary Fig. 2),  
consistent with the reported number of chromosomes in this species15. 
Unless otherwise noted, we report analyses of the male Hi-C assembly 
in this work. Repetitive elements accounted for 67.17% of the reference 
genome (Supplementary Table 3). Using RNA sequencing (RNA-seq) 
data (Supplementary Table 4), we predicted a total of 34,010 gene 
models (Supplementary Table 5) with a gene-space completeness score 
of 94.1% (1,519/1,614 genes in the embryophyta_odb10 dataset) as deter-
mined by Benchmarking Universal Single-Copy Orthologs (BUSCO)16 
(Supplementary Table 6).

Character evolution under a robust phylogeny
The phylogenetic position of Nepenthes and its monogeneric fam-
ily, Nepenthaceae, has been a matter of debate, even with the use 
of improved gene-tree mining from transcriptomic data. Previous 
phylogenetic hypotheses have placed Nepenthaceae as sister (1) 
to Droseraceae, (2) to a clade of three families (Ancistrocladaceae, 
Dioncophyllaceae and Drosophyllaceae; ADD families) or (3) to a clade 
containing all four of these plant families (Supplementary Fig. 3a–c).  

vertebrates5 have thrived and greatly diversified following multiple 
rounds of polyploidization early in their evolutionary history.

Following polyploidization, particularly when it occurs after a 
hybridization event6,7, the coexistence of more than one haploid chro-
mosome set often engenders subgenome dominance, which is initially 
characterized by the preferential expression of genes on one chromo-
some set over the other8. These early changes, as well as the subsequent 
differential retention of duplicated genes on dominant versus recessive 
subgenomes, can render versatile adaptive prospects among subge-
nomes over evolutionary time. Although such a genome-wide effect 
may constrain the long-term evolutionary paths of a large number of 
genes, it remains unclear how subgenome dominance may be involved 
in the evolution of novel gene functions. To study the long-term effects 
of subgenome dominance, it is necessary to examine genomes that 
include relatively ancient polyploidization events, yet also having 
well-preserved subgenome structures.

The Old World pitcher plant Nepenthes offers a unique opportunity 
to study the relationship between polyploidization-related genomic 
features and the evolution of novel genes. This genus of carnivorous 
plants includes at least 169 species of perennial vines9 and is known 
for its highly modified leaves (pitchers) adapted for trapping and 
obtaining nutrients from arthropod prey10. In addition to carnivory, 
Nepenthes species possess other atypical traits, such as uniform dioecy 
across the genus. Less than 1% of all angiosperms are carnivorous9, and 
approximately 6% of angiosperms are dioecious, possessing distinct 
male and female individuals11. No other carnivorous plant species 
outside of Nepenthes is known to be dioecious, rendering this lineage 
a rare and unique case. While it became evident from transcriptomic 
signatures that Nepenthes underwent ancient whole-genome dupli-
cations (WGDs)12–14, the role that these genomic events played in the 
evolution of novel gene functions, many of which may underpin the 
aforementioned traits, remains unclear.

In this study, we present a chromosome-scale genome assembly 
of Nepenthes gracilis and demonstrate that the Nepenthes genome is 
decaploid, bearing five subgenomes and a clear signature of subgenome 
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Fig. 1 | Evolution of novel traits in Nepenthes. a, N. gracilis plant with 
carnivorous pitcher leaves. b, The phylogenetic position of Nepenthes. 
Divergence time with a 95% CI is shown for the ML tree topology reconstructed 
using 1,614 single-copy protein sequences from 20 species (Supplementary Table 
6). See Supplementary Fig. 3 for results with alternative phylogenetic methods, 
including a coalescence-based (CO) species tree approach. Bootstrap supports 
and posterior probability values for the position of Nepenthes are shown as 

follows: nucleotide ML/protein ML/nucleotide CO/protein CO. Character 
evolution was parsimoniously mapped to branches, while symbols do not 
indicate point estimates of evolutionary origin times. Note that carnivory was 
secondarily lost in Ancistrocladus20. Caricatures of leaves of plants belonging to 
carnivorous clades are shown to the right. CI, confidence interval; T., Triassic; Ju., 
Jurassic; Cr., Cretaceous; Pa., Paleogene; N., Neogene; Q., Quaternary.
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To more accurately determine the phylogenetic position of 
Nepenthaceae, we performed phylogenomic analyses using gene 
models mined from our newly sequenced Nepenthes genome. We also 
sequenced transcriptomes of the ADD families, for which genome 
sequences are currently unavailable (Supplementary Table 6). Our 
analysis, using 1,614 Embryophyta-wide single-copy BUSCO genes 
(Supplementary Fig. 3d), resulted in a single tree topology, regardless 
of the inference method (maximum likelihood (ML)17 or coalescence 
based18) or substitution model used (GTR+R4 for nucleotides or LG+R4 
for amino acids) (Supplementary Fig. 3e). This topology, limited of 
course to a bifurcating evolutionary history (see Supplementary Text 
1 for the possibility of ancient hybridization events), indicated that 
plants in this lineage likely split in the sequential order of Droseraceae, 
Nepenthaceae and then the rest. Under parsimony, these phylogenetic 
relationships support the hypothesis that carnivory evolved only once 
in Caryophyllales and that the pitfall-type trap leaves of Nepenthaceae 
were ultimately derived from flypaper-type trap leaves19–21, which 
are found in Droseraceae, Drosophyllaceae and Dioncophyllaceae 
(Fig. 1b). Dioecy is another fascinating character evolved uniquely in 
Nepenthaceae after its split from the other lineages. Despite the rapid 
evolution of the sexual system in many flowering plant lineages, even 
within single species22, dioecy is consistently maintained across all 
species of Nepenthes23.

Decaploidal origin of the Nepenthes genome
The large chromosome number in Nepenthes (n = 40)15 could suggest a 
history of WGDs. Although ancient WGDs have been reported in Nepen-
thes and related lineages based on synonymous substitution plots of 
duplicate gene pairs12–14, the exact ploidy level and its impact on Nepen-
thes genome structure have not yet been determined. To investigate 
polyploidization history in Nepenthes, we analysed patterns of internal 
synteny, revealing that the haploid-level Nepenthes genome has a clear 
structure of eight syntenic groups, each containing exactly five chromo-
somes (Fig. 2a), indicating a decaploidal (five-subgenome) origin with 
a basic chromosome number of eight (that is, x = 8). This finding rejects 
previous hypotheses of an octoploidal or hexadecaploidal (four- or 
eight-subgenome) origin with a basic chromosome number of five or 
ten (that is, x = 5 or x = 10)15. The distribution of synonymous distances 
between paralog pairs (Supplementary Fig. 4), coupled with clear 4:1 
patterns of fractionation bias among homoeologous chromosomes 
(Supplementary Fig. 5), indicates that Nepenthes has a complex poly-
ploid background (Supplementary Text 2), having undergone at least 
two sequential WGDs following the gamma hexaploidization event 
that occurred in the common ancestor of all extant core eudicots24. 
Given that the chromosome number is stable in Nepenthes, includ-
ing in the earliest diverged species Nepenthes pervillei15, decaploidy 
must have been established before the diversification of extant species 
(6.4–18.2 Ma (million years ago)25). Our phylogenomic analysis, which 
distinctly considered the dominant versus recessive subgenomes (see 
below for identification), indicated an ancient separation between the 
donor of the dominant subgenome and the donor(s) of the recessive 
subgenomes (Supplementary Fig. 6). This separation likely occurred 
around the time of their divergence from the ADD stem lineage and the 
Droseraceae stem lineage. Given these findings, it is conceivable that 
these ancient WGDs could have played a role in the evolution of novel 
traits shared by all known Nepenthes species, including their dioecy 
and carnivorous pitcher leaves.

Biased gene fractionation and subgenome dominance
Despite having a complete decaploid karyotype (n = 5x = 40 and 
2n = 10x = 80), the gene content in Nepenthes is highly fractionated, 
as was evident in syntenic comparisons with grape (Vitis vinifera), a spe-
cies that has maintained its ploidy level since the gamma hexaploidiza-
tion event (that is, 1x in Vitis versus 5x in Nepenthes)24 (Fig. 2b). In total, 
94.5% (5,002/5,293) of 100-gene genomic windows in the Nepenthes 

genome retained fewer than 1.5 syntelog copies on average (compared 
to the ploidy-based expectation of 5.0 copies). While fractionation was 
observed to be advanced overall, there was significant heterogene-
ity among syntenic chromosome groups (Fig. 2b). For example, the 
syntenic group corresponding to grape chromosome 6 contained 
an average of 1.4 syntelog copies, while the group corresponding to 
grape chromosome 16 had an average of only 1.1 copies. Homoeologous 
Nepenthes chromosome groups that are highly fractionated tended to 
show a clear distinction between one dominant, gene-rich chromosome 
and four recessive, gene-poor chromosomes (that is, fractionation 
bias26). This distinction was less obvious among chromosome groups 
that are less fractionated (Fig. 2c and Supplementary Fig. 5). In fact, the 
degree of fractionation bias significantly correlated with the degree of 
diploidization (Fig. 2d). The dominant subgenome carried 56% of the 
1x equivalent syntelog set (average of 5,293 sliding 100-gene windows), 
and every chromosome in the recessive subgenomes had at least 46 
single-copy syntelogs (that is, not detected in the other chromosomes) 
(Supplementary Fig. 7). Moreover, dominant chromosomes tended to 
be larger in assembled scaffold sizes (Fig. 2e), potentially reflecting 
differential rates of genomic DNA excision27. These results suggest that 
the establishment of dominant versus recessive subgenomes played 
a crucial role in efficient gene fractionation and in the differentiation 
of chromosomal sizes.

In line with subgenome fractionation dominance, genes in the 
dominant subgenome tended to show higher expression levels 
compared with corresponding syntelogs in recessive subgenomes  
(Fig. 2f). Thus, the dominant or recessive distinction was clear in both 
gene retention and gene expression differences. Although the WGDs 
in Nepenthes are too ancient to be analysed for any potential initial 
genomic shock, the differential transposable element density between 
homoeologous chromosomes, coupled with corresponding DNA meth-
ylation levels, might have contributed to establishing subgenomic 
expression dominance immediately after the WGDs, as is often sug-
gested to occur in recent polyploids28. It is noteworthy that, despite 
the clear chromosome-level expression dominance, 47% (972/2,055) 
of syntelog pairs showed higher expression levels in gene copies on 
the recessive subgenomes (Fig. 2g), showing a significant functional 
contribution from these subgenomes as well (Supplementary Text 3).

The odd-numbered subgenomic structure of Nepenthes, along 
with its clear 1:4 subgenome dominance, strongly suggests an allopoly-
ploid evolutionary history28. Our attempts to use subgenome-specific 
k-mers identified by SubPhaser, which has successfully phased the 
subgenomes of many well-known allopolyploids29, did not result in 
complete subgenome phasing in Nepenthes (Supplementary Fig. 8). 
Disentangling exact polyploidization history can be difficult, espe-
cially in high-ploidy lineages (for example, in decaploid cotton30). 
Chromosome-scale syntenic comparisons between Nepenthes and 
related lineages, once they are available, will be necessary to discern 
among alternative allopolyploidization scenarios.

Sex chromosome evolution
Flowering plants in general produce bisexual, hermaphroditic flow-
ers with both male and female reproductive functions. In contrast to 
their closest relatives and most other angiosperms, Nepenthes plants 
develop unisexual male or female flowers on separate individuals (Fig. 
1b). This sexual system is termed dioecy (in zoology: gonochorism) and 
typically has a genetic basis, often involving sex chromosomes. The 
many evolutionary origins of dioecy and sex chromosomes in diverse 
organisms31 hint towards fundamentally shared principles, yet general 
understanding is hindered by the lack of details from independent 
lineages. Scharmann et al.23 showed that an XY-type sex determina-
tion system operates in Nepenthes, but the sex chromosome has so 
far remained unidentified. To locate the male-specific region of the 
Y chromosome (MSY) in our male N. gracilis genome assembly, we 
mapped sequencing reads of double-digest restriction-site-associated 
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DNA (ddRAD-seq) data from wild, sex-identified N. gracilis individuals23. 
The result showed a clear, sharply delimited signal of male-specific 
sequences in a 1 Mb region on chromosome 20 (Fig. 3a, Supplementary 
Fig. 9 and Supplementary Text 4). Chromosome 20 is a member of 
one recessive subgenome (Fig. 2a) and shows a substantial reduction 
in syntenic gene numbers compared with its dominant homoeolog 
(chromosome 6) (Supplementary Fig. 7). We interpret this reduction 
as evidence of chromosome-wide relaxed purifying selection, a fea-
ture we specifically attribute to recessive subgenomes and concomi-
tant biased fractionation, rather than to sex linkage. Nonetheless, the 
presence of ancestrally relaxed purifying selection for gene content 
could have facilitated the emergence of novel mutations at the origin 
of the sex-linked region in Nepenthes. Structural comparison of the 
full Y chromosome from the male assembly against its corresponding 
X chromosome from the female assembly (Supplementary Fig. 10) 
revealed that the MSY cannot be aligned, incurring a large gap in the 

female instead. For the genes located in the MSY, we did not detect 
syntenic counterparts on the X chromosome, on the four homoeologs 
of the sex chromosome (chromosomes 6, 15, 32 and 38) nor anywhere 
else in the male or female assemblies. These findings suggest that the 
MSY is fully hemizygous and that no gametologs (regions with copies 
on both X and Y chromosomes) exist, similar to the independently 
evolved MSY of Asparagus32.

A major question in sex-chromosome research is about the 
causes and consequences of suppressed recombination. A lack of 
X–Y recombination throughout the Nepenthes MSY is implicit in the 
population-resequencing approach that we used for the delimitation 
of the MSY and is furthermore implied by the observed hemizygosity. 
However, in earlier stages before and during the establishment of 
the MSY, adjacency to the satellite-rich putative centromere (Fig. 3b  
and Supplementary Fig. 11) may have facilitated X–Y divergence by 
providing a recombination-depauperate substrate within which novel 
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Fig. 2 | Subgenome dominance in the decaploid Nepenthes genome.  
a, Self–self syntenic dotplot of protein-coding sequences shows clear evidence 
for syntenic groups. Chromosomes are ordered by identified homoeologous 
groups (red). For the identification of dominant/recessive chromosomes, 
see c and Supplementary Fig. 5. b, The unequal rate of fractionation in the 
Nepenthes genome. Distribution of the syntenic gene retention rate is shown 
for syntenic blocks, which are grouped by corresponding Vitis chromosomes. 
Statistical significance of unequal rates was tested with a one-way analysis 
of variance (ANOVA). Box plot elements are defined as follows: centre line, 
median; box limits, upper and lower quartiles; whiskers, 1.5 × interquartile 
range. c, Different levels of fractionation in the Nepenthes syntenic blocks (5x) 
mapped to representative Vitis chromosomes (1x): lowest in chromosome 6, 
middle in chromosome 8 and highest in chromosome 16. Analysis of the Coffea 

canephora genome (also 1x) with the same FractBias parameters26 is shown for 
comparison. For a full comparison, see Supplementary Fig. 5. For the count of 
retained syntelogs for each chromosome, see Supplementary Fig. 7. d, A negative 
correlation exists between fractionation bias and syntenic gene retention. Yanai’s 
τ69 was utilized as a proxy for fractionation bias. Linear regression and associated 
statistics are provided in the plot. e, Dominant chromosomes tend to be larger 
than recessive ones. Statistical significance was examined with a two-sided 
Kolmogorov–Smirnov (KS) test. f, Syntelogs in the dominant chromosomes tend 
to express at higher levels than those in the recessive chromosomes. Statistical 
significance was tested with a two-sided one-sample t-test. Eight tissues in 
Nepenthes were analysed (Supplementary Table 4). g, Syntelog-wise comparison 
of expression levels in genes on a dominant chromosome versus on a recessive 
chromosome.
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haplotypes could more easily have become fixed (for example, trans-
locations into the proto-Y and deletions from the proto-X). Pericentro-
meric regions, due to their heterochromatin and low recombination 
rates, can favour the formation of MSYs and other supergenes, as 
shown in other plant and animal systems33–39. In the classical popula-
tion genetic model for the transition from hermaphroditism towards 
dioecy40,41, two independent sex-determining mutations arise (one 
factor controlling male reproduction, another controlling female 
reproduction), whereafter additional mutations that modify recom-
bination rates between them become favoured by selection. Natu-
rally, pre-existing non-recombining regions, such as pericentromeric 
regions, can facilitate the establishment of dioecy and sex-chromosome 
evolution by a two-factor sex determination system. In the Nepenthes 
MSY, three male-specific transcription factor genes (described below) 
are embedded in a tandem cluster of long interspersed nuclear ele-
ments, a group of retrotransposons (Fig. 3b and Supplementary Fig. 11). 
Transposable elements have accumulated not only in these intergenic 
regions but also in the introns of one of these genes itself (Supplemen-
tary Fig. 12). It seems likely that this transposable element accumulation 
is associated with suppressed recombination.

Genes in the MSY
Notably, the MSY, which spans approximately 1 Mb in the 16.7 Mb 
chromosome, contains DYSFUNCTIONAL TAPETUM 1 (DYT1), which 
is the only fully male-linked gene known to date in Nepenthes23 (Fig. 
3b). DYT1 encodes a basic helix–loop–helix transcription factor that, 
in Arabidopsis, functions in the cell maturation of tapetum, the nutri-
tive cell layer that aids microsporogenesis in the developing anther42. 
The potential function of DYT1 may therefore be essential for male 
reproduction, and its absence in females would constitute a recessive 
male-sterility mutation, corresponding to the two-factor model for the 
evolution of dioecy41. Interestingly, DYT1 in Arabidopsis directly regu-
lates the expression of another tapetum development gene, DEFECTIVE 
IN TAPETAL DEVELOPMENT AND FUNCTION 1 (TDF1)43, an ortholog of 
which acts as the male-promoting factor in Asparagus44. An ortholog 
of MALE MEIOCYTE DEATH 1 (MMD1), which encodes a PHD-finger 
transcription factor whose loss causes male meiotic defects45, is another 
transcription factor gene located in the male-specific region. While the 
characterized functions of DYT1 and MMD1 suggest their involvement 
in microspore development, which begins later in anther develop-
ment, female flowers in Nepenthes lack not only microspores but also, 
almost entirely, staminal structures46. We, therefore, hypothesized that 
another gene upstream of DYT1 and MMD1 locates to the male-specific 
region and determines floral sex. Consistent with this idea, we found a 
male-specific copy (LFY-Y) of the LEAFY (LFY) gene, which in hermaph-
roditic angiosperms encodes a plant-specific transcription factor that 
assigns the floral fate of meristems47. LFY is one of the earliest expressed 
genes in flower development, where it acts as a master regulator of the 
reproductive state (Supplementary Text 5). Loss of LFY gene function 

converts lateral floral organs, including stamens and carpels, into 
leaf-like structures47.

LFY is well known to be a highly conserved gene in angiosperms, 
where it is maintained as a single copy in most species48. The Nepen-
thes genome harbours what is likely to be the principal LFY copy on an 
autosome (LFY-A on chromosome 3) that is not homoeologous to the 
putative sex chromosome. Gene phylogeny (Fig. 3c), chromosomal 
syntenic groups (Fig. 2a) and the presence of introns in both copies 
(Supplementary Fig. 12) suggest that the two LFY genes emerged by 
a lineage-specific SSD rather than via retrotransposition or WGD in 
Nepenthes after its split from the other carnivorous lineages in Caryo-
phyllales, consistent with the emergence of dioecy in Nepenthaceae 
alone. This situation contrasts with DYT1 and MMD1, both of which are 
maintained as single-copy genes in the decaploid genome of Nepenthes 
(Supplementary Fig. 13). As expected, DYT1, MMD1 and LFY-Y were 
expressed in the developing buds of male flowers, but not in female 
buds (Fig. 3d,e). Furthermore, the male-specific expression of LFY-Y 
was maintained until flower maturation (Supplementary Fig. 14a). 
By contrast, we found no significant difference in LFY-A expression 
between male and female buds. Although this expression analysis has 
been performed by heterologous mapping to the N. gracilis genome 
using RNA-seq reads from related species (Methods), the read mapping 
rates were comfortably high (75.9–83.9% in 31 samples), and we further 
confirmed by transcriptome assembly that the transcripts of DYT1, 
MMD1 and LFY-Y were detected only in male samples (Supplementary 
Fig. 14b–d). In the MSY, only these three genes could be function-
ally annotated with sequence similarity against the UniProt database 
(Supplementary Table 5), and they showed the highest male/female 
transcript abundance ratios in developing buds among all physically 
linked gene models in the region (Supplementary Fig. 14e). In summary, 
the three transcription factor genes in the MSY are good candidates for 
involvement in the establishment of dioecy in Nepenthes.

Neofunctionalization of the male-specific LFY-Y gene copy
To examine how two LFY copies acquired distinct expression patterns, 
we characterized cis-regulatory motifs in their promoters by map-
ping promoter motif sequences using the JASPAR database49. Under 
a false discovery rate (FDR) cut-off of 0.05, we detected 23 types of 
putative transcription factor-binding motif in the LFY-Y promoter (Sup-
plementary Table 7), of which three motifs were found specifically 
in LFY-Y among all LFY promoter sequences analysed in the 20 spe-
cies shown in Fig. 1b, including the LFY-A promoter: these were motifs 
bound by AUXIN RESPONSE FACTOR 18 (ARF18), TESMIN/TSO1-LIKE 
CXC 3 (TCX3) or ZINC-FINGER HOMEODOMAIN PROTEIN 6 (ZHD6)  
(Fig. 3f). In Arabidopsis, ARF18 is highly expressed in developing carpels 
(Fig. 3g) and encodes a transcriptional repressor50, whereas TCX3 and 
ZHD6 are expressed mainly in anthers (Fig. 3g), suggesting roles for 
the encoded regulators in modulating LFY-Y expression in both male 
and female organs.

Fig. 3 | The male-specific chromosomal region harbours transcriptional 
regulators of flower development. a,b, Analysis of genomic regions specific to 
male individuals in N. gracilis. ddRAD-seq reads were mapped to the reference 
genome to delimit the MSY. A genome-wide overview (a), alongside a magnified 
view of chromosome 20 (b), is shown. In the bottom panels of b, tandem repeats 
are visualized with identity heat maps using StainedGlass117. The range of the 
right panel corresponds to the range of the black line on the left panel. Positions 
of Trinotate-annotated and unannotated gene models are indicated in red and 
grey, respectively. For a male-versus-female syntenic comparison of chromosome 
20, see Supplementary Fig. 10. The position of the putative centromere, which is 
typically LINE-rich in N. gracilis, is indicated in b (for details, see Supplementary 
Fig. 11). LINE, long interspersed nuclear elements; LTR, long terminal repeat.  
c, Phylogenetic relationships of LFY genes in angiosperms. Duplicates in 
Nepenthes are indicated with colours. The bar indicates 0.1 substitutions per 
nucleotide site. Supplementary Fig. 15a provides a complete phylogeny. d, Male 

and female flowers of N. gracilis. The male flower picture is licensed under CC BY 
4.0 (https://creativecommons.org/licenses/by/4.0/) by H. P. Lim. e, Expression 
of genes in the MSY. Cultivated individuals of Nepenthes spp. (Supplementary 
Table 4) were used for RNA-seq, and reads were mapped to the N. gracilis genome. 
P values and t statistics of Welch’s two-sided t-tests are provided above the plot. 
TPM, transcripts per million. f, Promoter differentiation of duplicated LFY genes. 
The transcription factor-binding motifs in JASPAR (FDR < 0.05) were detected 
in the 2 kb promoter sequences of all genes in c, and their overlap is shown in 
the Venn diagram. A comparison of the duplicated LFY promoters in N. gracilis is 
shown to the right. Commonly found motifs are connected with lines in order of 
proximity to the transcription start site. g, Tissue-specific expression patterns  
of transcription factor genes in A. thaliana flowers59. The expression heat map 
shows genes encoding transcription factors that bind to motifs detected in  
the LFY-Y promoter. The flower illustration is licensed under CC BY 4.0  
(https://creativecommons.org/licenses/by/4.0/) by F. Bouché.
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These LFY-Y-specific motifs (ARF18, TCX3 and ZHD6) were 
detected 1.0–1.5 kb upstream from the start codon. This region may 
have been newly acquired by LFY-Y during sex chromosome evolu-
tion. Within this promoter region, we also detected paired PISTIL-
LATA (PI)-binding motifs only in Nepenthes LFY-Y, not in LFY-A, and 
interestingly, in LFY promoters of the comparator dioecious species 
spinach (Spinacia oleracea). LFY in fact also up-regulates PI expression 
in Arabidopsis51. PI is a B-class MADS-box protein that specifies petal 
and stamen identity in Arabidopsis and other plants52. Spinach evolved 
dioecy independently from Nepenthes (Fig. 1b), and the suppression of 
spinach PI converts its male flowers into phenotypically normal female 

flowers53, suggesting a potentially convergent mechanism underly-
ing the evolution of dioecy between the two Caryophyllales lineages 
through regulatory interactions among LFY, PI and other transcription 
factors (for known sex determination systems in other Caryophyllales 
lineages, see Supplementary Text 7). Taken together, these results sug-
gest that Nepenthes LFY-Y was neofunctionalized in terms of expression 
pattern, likely as a consequence of the change in cis-regulatory ele-
ments. We detected five amino acid substitutions specifically found in 
the C-terminal DNA-binding domain of LFY-Y (Supplementary Fig. 15),  
suggesting potential changes in protein properties in addition to the 
expression patterns.
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Pitcher-tissue-specific prey capture responses
Besides dioecy, trapping leaf organization also serves as an evolu-
tionary innovation in Nepenthes. A single Nepenthes leaf consists of 
segmented parts, including a carnivorous pitcher trap that is further 
elaborated by tissue differentiations along the proximodistal axis, 
representing one of the most complex leaf shapes known among 
angiosperms54. In Caryophyllales, plant carnivory evolved before the 
origin of Nepenthaceae (Fig. 1b), presumably with the flypaper-type 
trapping mechanism and within a conventional leaf organization19,20,55, 
with pitcher organization representing an evolutionary novelty that 
emerged in Nepenthes only.

To examine whether gene expression patterns parallel unique 
pitcher tissue differentiation, we performed RNA-seq experiments in 
six dissected leaf parts: from proximal to distal, flat part, tendril, diges-
tive zone, waxy zone, peristome and lid (Fig. 4a,b). For a cross-species 
comparison, we also generated the pitcher tissue-specific transcrip-
tomes of Cephalotus, which evolved pitcher leaves independently 
from Nepenthes in an altogether different angiosperm order (Fig. 1b), 
thus representing a product of convergent evolution19,21. We further 
integrated additional RNA-seq data from Dionaea56–58 and Arabidop-
sis59 to form a four-species expression level dataset normalized with 
trimmed mean of M values (TMM)60 for a total of 3,572 single-copy 
genes. Dimensionality reduction analysis with different methods con-
sistently showed that, in gene expression profiles, the pitcher tissues 
of Nepenthes were distinct from conventional photosynthetic organs 
(Supplementary Fig. 16a). This contrasts with the pitcher leaves of 
Cephalotus, whose tissues showed expression profiles largely overlap-
ping with the photosynthetic organs, suggesting that pitcher tissues in 
Nepenthes traps are much more strongly differentiated from ancestral 
photosynthetic leaf structures than those of Cephalotus. This view is 
consistent with the contrasting patterns of tissue-specific photosyn-
thetic activity in the two pitcher plant lineages, with Nepenthes pitchers 
showing almost no photosynthetic assimilation61,62.

Next, we characterized tissue-specific prey capture responses in 
Nepenthes. Pitchers were treated with an insect homogenate to mimic 
prey capture, and tissues were collected after 24 h, coincident with the 
expected onset of jasmonic-acid-mediated prey responses63. Jasmonic 
acid is a known regulator of gene expression in plants and can mediate 
plant–herbivore and plant–pathogen interactions64,65, as well as prey 
capture responses in the Caryophyllales lineage of carnivorous plants 
including Nepenthes66. As anticipated, the number of significantly 
differentially expressed genes (DEGs; FDR < 0.05) was highest in the 
digestive zone, where digestive and absorptive glands21 were directly 
exposed to the insect homogenate (Fig. 4b). A clear response of the 
digestive zone was further confirmed by dimensionality reduction 
analysis (Supplementary Fig. 16b). Significantly enriched Gene Ontol-
ogy (GO) terms (Supplementary Tables 8–11) among the up-regulated 
genes clearly indicated the activation of translation machinery upon 
prey capture (Supplementary Table 8), which would be anticipated for 
rapid response by the palette of necessary digestive enzymes. Other 
enriched GO terms included those presumably associated with prey 
digestion, nutrient metabolism and biological interactions (Fig. 4b). 
The second-highest number of DEGs was found in the tendril, which 
connects the pitcher to the rest of the plant body. Interestingly, with 
the above threshold, we did not detect DEGs in other trapping leaf tis-
sues, including the flat part, where absorbed nutrients flow through. 
While long-term prey feeding over weeks can alter the abundance of 
photosynthetic proteins in the photosynthetic lamina67, our findings 
suggest that daylong prey response is well compartmentalized within 
a Nepenthes trapping leaf.

Tandem gene clusters with pitcher-tissue-specific expression
The complexity of Nepenthes leaves may be reflected by considerable 
subfunctionalized or neofunctionalized duplicate gene expression in 
novel tissues, where amplification of gene copies can be mediated by 

tandem gene duplications68. We therefore searched for tandem gene 
clusters with high tissue specificity in gene expression, measured by 
the τ metric69, which outperformed alternative measures in a bench-
mark study70. A conspicuous example we detected was gene clusters 
of SENESCENCE-RELATED GENE 1 (SRG1) orthologs71. This senescence 
marker gene encodes cytoplasm-localized melatonin 3-hydroxylase 
(M3H) and produces cyclic 3-hydroxymelatonin, whose antioxidant 
activity is 15-fold higher than that of its precursor melatonin, thereby 
promoting growth in Arabidopsis and rice72–74. This family of genes 
forms tandem duplicates on separate Nepenthes chromosomes within 
the same syntenic group (Fig. 4c), with the largest cluster (19 gene 
models with 15 cases with complete protein domain structure (Sup-
plementary Fig. 17)) on chromosome 20 (the sex chromosome), which 
belongs to a recessive subgenome. Phylogenetic analyses suggested 
that the first copy of this cluster originated as a WGD duplicate whose 
counterpart in the dominant subgenome (chromosome 6) remains a 
single-copy gene (Nepgr007022). The tandem genes in the dominant 
subgenome showed well-conserved microsynteny among eudicots 
(Supplementary Fig. 17), suggesting ancient origins (>131 Ma; Fig. 1b). 
Interestingly, the tandem array on chromosome 20 contains many 
genes with expression specific to the digestive zone in the pitcher, 
which forms the interface to the digestive fluid, where peroxidases 
likely produce reactive oxygen species (ROS) to facilitate proteolysis 
for prey degradation75–78. Given this characteristic expression, SRG1 
proteins may participate in scavenging cytotoxic ROS produced during 
prey digestion and nutrient absorption.

To further examine whether other carnivory-related genes simi-
larly formed tandem clusters, we analysed genes encoding digestive 
enzymes. Using a list of experimentally confirmed digestive fluid pro-
teins, many of which are digestive enzymes77, we characterized their 
phylogeny, synteny and expression in Nepenthes (Supplementary 
Fig. 18). Among the 11 families of genes we analysed, we detected 8 
tandem gene clusters (6 on recessive subgenomes) that were formed in 
Nepenthes after its split from close relatives in Caryophyllales. Tandem 
clusters encoding typical digestive enzymes (aspartic protease, class III  
peroxidase, glycoside hydrolase family 19 chitinase, purple acid phos-
phatase, RNase T2 and β-1,3-glucanase) included genes whose tran-
script abundance was highest in the digestive zone, with increased 
expression following the feeding treatment. These results suggest that 
specific tandem cluster evolution is not restricted to SRG1 and may be 
found in many other genes involved in Nepenthes carnivory.

Unequal subgenomic contributions for novel genes
As the male-specific region harbouring LFY-Y and many tandem gene 
clusters expressed in the digestive zone (SRG1 and digestive enzyme 
genes) were found in recessive subgenomes rather than in the domi-
nant subgenome, subgenomes may differentially serve as hosts of 
novel duplicated genes. However, these observations may also be 
explained by chance, as there is a 70% probability that a novel gene will 
be located in a recessive subgenome if its occurrence is proportional to 
the chromosome assembly size (528/753 Mb) and a 67.7% probability if 
it occurs proportionally to the number of genes (23,039/34,010 genes). 
Therefore, statistical analysis was necessary. To this end, we analysed 
lineage-specific genes in the Nepenthes genome. First, DIAMOND 
BLASTP v2.0.15 searches79 were conducted against 20 other plant 
genomes to identify Nepenthes genes that are most similar to another 
Nepenthes gene rather than to genes from other species and thus likely 
to have emerged by gene duplication after the split from those other 
lineages. Identified lineage-specific genes were significantly enriched 
by those having specific expression in all analysed tissues (Fig. 5b). Next, 
the types of duplication (that is, WGD or SSD) and involved subgenomes 
(dominant or recessive) were estimated by whether the best-hit gene 
was on the same chromosome, on homoeologous chromosomes or 
on other chromosomes (Fig. 5a). Finally, the frequency of each cat-
egory of tissue-specific genes was compared with the overall average 
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obtained from all expressed genes. Interestingly, the recessive subge-
nomes tended to host more tissue-specific genes than the dominant 
subgenome. Such distribution shifts from the null expectation with 
all expressed genes were statistically significant in genes specifically 
expressed in six out of the seven analysed tissues (Fig. 5b), including 
pitcher tissues, whose differentiation evolved in Nepenthes to form 
pitfall traps. The difference is likely to have emerged during functional 
divergence after gene duplications because the frequency of tandem 
duplications themselves was comparable between dominant and reces-
sive subgenomes (Supplementary Fig. 19).

The increased contribution to the tissue-specific genes by reces-
sive subgenomes was most pronounced among within-chromosome 
SSD duplicates, which are enriched in tandemly duplicated genes. The 
rate of protein evolution (dN/dS) was higher in SSD duplicates than in 
WGD duplicates, with the within-chromosome SSD duplicates showing 
the highest evolutionary rates (Supplementary Fig. 20). Because there 
was no overall difference in dN/dS between dominant and recessive 

subgenomes, it is possible that subgenome dominance may have only 
transiently relaxed purifying selection among the recessive subge-
nomes and that its signature has been difficult to capture in extant gene 
sequences, other than via the substantial gene losses with subgenome 
fractionation discussed above (Fig. 2).

Different modes of gene duplication have been shown to exert 
different long-term impacts on the complements of genes retained 
in plant genomes. Generally, as similarly noted for many other plant 
systems80, WGD duplicates tend to be enriched for regulatory func-
tions, whereas small-scale (for example, tandem) duplicates are more 
likely to be enriched in functions related to plant defence (and possibly 
by extension, to plant carnivory). To examine how functional gene 
categories are differentially enriched in the dominant and recessive 
subgenomes of Nepenthes, we analysed overrepresented GO catego-
ries (Supplementary Fig. 21 and Supplementary Tables 12–15). Among 
other functions, syntelogs on the dominant subgenome were sig-
nificantly enriched for genes annotated with ‘flower development’ and 

Nepgr007024
Nepgr007023
Nepgr007022
Nepgr007021

Nepgr032084
Nepgr032082

Nepgr021311
Nepgr021276
Nepgr021275
Nepgr021274
Nepgr021273
Nepgr021272
Nepgr021270
Nepgr021269
Nepgr021268
Nepgr021267
Nepgr021266
Nepgr021265
Nepgr021264
Nepgr021263
Nepgr021261
Nepgr021259
Nepgr021258
Nepgr021257
Nepgr021256

0 1 2 3 4

log2(TMM-FPKM+1)

24 h

Mealworm homogenate

a

c

b

Up-regulated
Down-regulated

N
utrient flow

0.1 nucleotide
substitutions

per site

SRG1 tree

Branch color: species

Duplication
Speciation

Digestive zone

Digestive zone

Lid

Lid

Lid
Lid

Root

Root
Digestive zone

Digestive zone

Digestive zone
Digestive zone

Digestive zone

Digestive zone
Digestive zone

Speci c expression
(τ ≥ 0.67, TMM-FPKM ≥ 0.1) 

Peristome

Lid

Waxy zone

Digestive
zone

Tendril

Flat part

W

D

0 500 1,000

Number of di�erentially expressed
genes (TMM-FPKM ≥ 0.1, FDR < 0.05)

96 enriched GO terms (N ≥ 3, FDR < 0.05)

Digestion and metabolism
Structural constituent of ribosome (134 genes)
Polysaccharide catabolic process (10 genes)
Chitin catabolic process (10 genes)
Serine-type carboxypeptidase activity (8 genes)
Isoleucine biosynthetic process (6 genes)
Sulfate assimilation (4 genes)
Threonine catabolic process (3 genes)
Hydro-lyase activity (3 genes)

Interactions with insects and microbes
Response to oomycetes (5 genes)
Negative regulation of defense response
to insect (4 genes)
Jasmonic acid hydrolase (4 genes)
Salicylic acid biosynthetic process (3 genes)
Cellular response to toxic substance (3 genes)

AtSRG1/M3H

OsM3H

Exons

Introns

Nepgr0
320

82

Nepgr0
320

84

Nepgr0
070

21

Nepgr0
070

22

Nepgr0
070

23

Nepgr0
070

24

22.4 22.5 22.6

1.1 1.2 1.3

Position (×106 bp)

Chromosome 6
(dominant)

Chromosome 38
(recessive)

Nepgr0
212

56

Nepgr0
212

57

Nepgr0
212

58

Nepgr0
212

61

Nepgr0
212

63

Nepgr0
212

65

Nepgr0
212

66

Nepgr0
212

68

Nepgr0
212

69

Nepgr0
212

70

Nepgr0
212

74

13.2 13.4 13.6

Chromosome 20
(recessive)

Fig. 4 | Tissue-specific gene expression in trapping pitcher leaves. a, The 
feeding experiment (see Methods for details). b, Genes responsive to prey in 
pitcher tissues. The functionally differentiated proximal–distal segments of 
pitcher tissues are indicated with colours. The boundary between the waxy zone 
(W) and the digestive zone (D) is highlighted as an inset in the bar plot. On the 
right, selected GO terms enriched in the up-regulated genes in the digestive zone 
are displayed. For comprehensive lists, see Supplementary Tables 8–11. c, The 
massive amplification of SRG1 paralogs in Nepenthes. Left: the ML phylogeny; 
middle: expression level and tissue specificity; right: chromosomal location. 
The positions of A. thaliana SRG1/M3H and Oryza sativa M3H are marked in the 

tree, which was generated using the 20-genome dataset (Supplementary Table 
6). Branch colours indicate species identifications. For the complete phylogeny, 
see Supplementary Fig. 17. The expression levels for each tissue, from three 
replicates, are denoted by the initial letter: L, lid; P, peristome; W, waxy zone; 
D, digestive zone; T, tendril; F, flat part; R, root. The tissue primarily expressing 
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FPKM ≥ 0.1). The chromosomal locations of non-SRG1 gene models are marked in 
grey. Image credits: the mealworm photo and icons from freepik.com.
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‘ethylene-activated signalling pathway’ GOs (Bonferroni-corrected 
P < 0.05). Syntelogs on the recessive subgenomes had potentially 
related GO enrichments such as ‘abaxial cell fate specification’, ‘floral 
meristem determinacy’ and ‘leaf morphogenesis’ and were also marked 
by various plant hormone GOs, including ‘response to jasmonic acid’. 
As such, the evolution of dominant and recessive subgenomes fol-
lowing polyploidization may have included both specialization and 
partitioning of ancestral regulatory networks, in a manner analogous 
to neofunctionalization and subfunctionalization, respectively, at 
the individual gene level81. Regarding small-scale, local duplication 
events, dominant tandems were enriched in genes annotated with 
‘cell surface receptor signalling pathway’ and ‘response to oomycetes’, 
whereas recessive tandems were enriched, for example, with GOs such 
as ‘methyl jasmonate methylesterase activity’ and ‘salicylic acid gluco-
syltransferase (glucoside-forming) activity’, which could conceivably 
be associated with prey recognition pathways82.

Taken together, these results suggest that recessive subgenomes 
play an important role in hosting novel tissue-specific genes that 
evolved through SSDs, possibly in an environment of relaxed purify-
ing selection compared to that in the dominant subgenome, thereby 
contributing to the unique biology of Nepenthes, including dioecy  
(Fig. 3) and carnivory (Fig. 4).

Discussion
In this study, we elucidated the decaploid structure of the Nepenthes 
genome and identified a clear signature of 1:4 subgenome dominance 
(Fig. 2). We also highlighted how the four recessive subgenomes have 
contributed to evolutionary novelties in Nepenthes (Fig. 1), especially 
in relation to dioecy and carnivorous trapping leaves.

Our analyses of the organization of the MSY (Fig. 3) suggested that 
a series of mutational events may have led to the evolution of dioecy in 
Nepenthes (Supplementary Fig. 22a). A likely scenario is an evolutionary 
path from hermaphroditism via gynodioecy towards full dioecy41,83. First, 
an ancestral population of hermaphrodites could have given rise to a 
gynodioecious population through loss of function of MMD1 or DYT1 in 
the ancestral X chromosome, which belongs to a recessive subgenome. 
This event would have resulted in the emergence of homozygous, reces-
sive, female-only plants without functional pollen. The linkage of MMD1 
and DYT1 and their double loss of function on the X chromosome might 

have enhanced the female-only trait. Frequency-dependent selection 
may then have favoured male function in hermaphroditic plants, until 
the gain of the masculinization gene on the ancestral Y chromosome, in 
accordance with the two-factor model for the transition towards dioecy 
and the origin of sex chromosomes41. Such a masculinization gene should 
dominantly suppress the production of carpels or at least their function. 
From our association and expression analysis, LFY-Y was a plausible can-
didate for the masculinization gene, which, in the above scenario, would 
have resulted in the evolution of a completely dioecious proto-Nepenthes 
population. However, male reproductive organs (anthers and filaments) 
are almost completely suppressed in the flowers of female Nepenthes, 
such that male meiosis and pollen formation (that is, the later stages 
where loss of MMD1 and/or DYT1 would manifest as male sterility) are 
precluded. We hence hypothesize that additional mutations suppress-
ing anthers and filaments (recessive to the MSY) occurred in genomic 
regions present in females (autosomes and X chromosomes). This impor-
tant argument hints at the possibility that the current sex determination 
system of Nepenthes is no longer based on the joint action of the two MSY 
factors but instead on a masculinizing effect of the LFY-Y gene acting in 
a genomic background of ‘default’ unisexual female development84. 
Such single-factor sex determination is known from a range of plants85 
and is the norm in vertebrates. Interestingly, Nepenthes may represent 
a case where a ‘single-factor system with default sex’ was derived from 
a previous stage having two-factor sex determination.

An alternative scenario is that LFY-Y as a dominant masculiniza-
tion gene was gained in the MSY before the localization and activity 
of DYT1 and MMD1, implying an intermediate androdioecious step 
towards full dioecy. The sequence of these mutational events cannot 
be discerned by molecular clocks because Nepenthes DYT1 and MMD1 
lack gametologs or other paralogs. However, population genetic theory 
asserts that androdioecy is generally less plausible than gynodioecy83, 
so it is difficult to explain the linkage of MMD1 and DYT1 in the MSY if the 
masculinization gene evolved first to form androdioecious intermedi-
ates. It is important to note that our interpretations are based on the 
well-understood functions of MMD1, DYT1 and LFY, which have been 
characterized in other plants. This leaves room for the possibility that 
Y-linked Nepenthes orthologs could possess other, lineage-specific 
functions, thereby providing alternative explanations for the evolution 
of dioecy, distinct from the scenarios discussed above.
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Fig. 5 | Differential contributions of subgenomes to the evolution of novel 
genes. a, Classification of duplication events in Nepenthes-specific genes. 
The categories of duplication, whether from SSDs or WGDs, and the timing of 
duplication (before or after the divergence of Nepenthes from its sister lineage) 
were determined by the best DIAMOND BLASTP hit within the 20-genome 
dataset (Supplementary Table 6). Circles represent genes, and edges connecting 
two circles indicate the best hit relationships. b, Differential contributions 
of duplication categories to tissue-specific novel Nepenthes genes. All tissue-

specific genes (left) and Nepenthes-specific subsets (right) were analysed for 
individual tissues. The colours of the bar plot elements correspond to the 
subgenomic category (dominant/recessive) and the duplication origin of the 
analysed genes, matching those in a. The colours of the y-axis labels match 
those used in Fig. 4. The proportions of Nepenthes-specific genes (right) and 
duplication categories (right) in tissue-specific genes were compared with that  
of expressed genes (TMM-FPKM ≥ 0.1) using χ2 tests controlled for FDRs.  
The numbers of genes (N), χ2 statistics and FDR are provided in the plots.
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Furthermore, LFY-Y expression in male flowers and LFY-A expres-
sion in both flower sexes are consistent with neofunctionalization of 
LFY-Y rather than LFY duplicate subfunctionalization81 as a mode of 
functional change after gene duplication (Supplementary Fig. 22b). 
Indeed, the functional partitioning we describe here resembles the 
opposite of a sex-aggregating partial LFY redundancy and deletion 
scenario developed to explain the evolution of the bisexual angiosperm 
flower from separate male and female reproductive axes controlled 
by two distinct LFY copies in gymnosperms86. Eventual heterologous 
experimental characterization of the LFY-Y gene in a genetically trac-
table species is expected to yield further insight into the evolution of 
dioecy in Nepenthes (Supplementary Text 6).

In addition to our inferences on the evolution of Nepenthes dioecy, 
our analyses of tissue-specific genes in N. gracilis pitcher leaves (Fig. 4)  
showed how molecular evolution likely paralleled the increased com-
plexity of tissue organization in this carnivorous plant. As one of the 
most prominent examples, SRG1 genes, which may participate in scav-
enging ROS during prey digestion and nutrient absorption, formed a 
massive tandem cluster in a recessive subgenome, many of the mem-
bers of which acquired tissue-specific expression in Nepenthes-specific 
tissues, such as the digestive zone. In contrast to the sex-linked LFY 
duplication, the mode of functional divergence (that is, neofunctionali-
zation or subfunctionalization) in the SRG1 cluster is not clear. However, 
it seems evident from gene expression and phylogenetic relationship 
data (Fig. 4c) that successive functional divergence has taken place dur-
ing tandem cluster formation. The novel gene acquisitions discussed 
here (that is, LFY-Y and SRG1) occurred in recessive subgenomes, as 
did many other Nepenthes-specific gene duplications that acquired 
tissue-specific expression (Fig. 5), including digestive enzyme genes 
(Supplementary Fig. 18). This genome-wide trend (Fig. 5) suggests that 
WGDs influenced the fates of subsequently produced SSD duplicates 
through recessivity and concomitant relaxed purifying selection, in 
a system with strongly divergent subgenome dominance patterns.

Our findings of novel gene duplicates suggest that the greater 
prevalence of tissue-specific genes after SSDs in recessive subgenomes 
may have contributed to adaptive potential in Nepenthes and, thus, to 
the maintenance of these recessive subgenomes. Thus, the recessive 
subgenomes have not degenerated completely but have instead per-
sisted for long periods of time (58.3–93.8 million years in Nepenthes25), 
contributing to the emergence of evolutionary novelties. Although the 
myriad of polyploids that have arisen in plant evolution may frequently 
represent evolutionary dead ends2, as we have shown in Nepenthes, 
recessive subgenomes may have served as sources of adaptive potential 
in some highly radiated polyploid lineages. Our findings may therefore 
contribute to revised models of karyotype stability and gene diver-
gence during polyploid evolution.

Methods
Plant materials
For genome sequencing, male and female N. gracilis individuals were 
collected from the field. The collection date was 26 March 2019, 
and the collection locality was Tampines Avenue 10, 1° 21′ 27.1″ N, 
103° 55′ 49.9″ E (1.35753° N, 103.93053° E), Tampines, Singapore. The 
habitat was an open secondary forest on seasonally waterlogged flat 
ground with Dillenia suffruticosa, Acrostichum aureum, Dicranopteris 
linearis, sedges and grasses. For transcriptome analysis of vegeta-
tive tissues, we purchased N. gracilis from CZ Plants. The plants were 
grown on a mixture of sphagnum moss and perlite in the greenhouse. 
As it was difficult to obtain fresh flower samples from N. gracilis, we 
obtained developing inflorescences from other Nepenthes cultivars and 
species (Supplementary Table 4). Inflorescences were dissected into 
early flower buds, late flower buds, young flowers and mature flowers 
(Supplementary Fig. 23). Plants of Ancistrocladus abbreviatus (Ancis-
trocladaceae)87 and Drosophyllum lusitanicum (Drosophyllaceae) were 
grown on soil in a greenhouse. Axenically grown strains of Cephalotus 

follicularis (Cephalotaceae)77,88 and Triphyophyllum peltatum (Dionco-
phyllaceae)89,90 were maintained in half-strength Murashige and Skoog 
solid medium91 supplemented with 3% sucrose, 1× Gamborg’s vitamins, 
0.1% 2-(N-morpholino)ethanesulfonic acid, 0.05% Plant Preservative 
Mixture (Plant Cell Technology) and 0.3% Phytagel, at 25 °C (C. follicu-
laris) or 20 °C (T. peltatum) in continuous light.

High-molecular-weight genomic DNA isolation
Young leaf tissues of wild-collected male and female N. gracilis individu-
als were gathered, cleaned, flash frozen in liquid nitrogen and then 
stored at −80 °C before extraction. About 10 g of flash-frozen tissue 
was used for high-molecular-weight (HMW) genomic DNA isolation. 
The first step followed the BioNano NIBuffer nuclei isolation protocol, 
in which frozen leaf tissue was homogenized in liquid nitrogen, with a 
subsequent nuclei lysis step using the isolation buffer with Triton X-100 
and β-mercaptoethanol (IBTB) with spermine and spermidine added 
and filtered just before use. IBTB consists of isolation buffer (15 mM 
Tris, 10 mM EDTA, 130 mM KCI, 20 mM NaCl, 8% (w/v) PVP-10, pH 9.4) 
with 0.1% Triton X-100 and 7.5% (V/V) β-mercaptoethanol mixed in and 
chilled on ice. The mixture of homogenized leaf tissue and IBTB was 
strained to remove undissolved plant tissue. Then, 1% Triton X-100 was 
added to lyse the nuclei before centrifugation at 2,000 × g for 10 min 
to pellet the nuclei. Once the nuclei pellet was obtained, we proceeded 
with CTAB (cetyltrimethylammonium bromide) DNA extraction with 
modifications for the Oxford Nanopore sequencer as described pre-
viously92. The quality and concentration of HMW genomic DNA was 
checked using a Thermo Scientific NanoDrop Spectrophotometer, as 
well as with agarose gel electrophoresis following standard protocols. 
The genomic DNA was further purified with a Qiagen Genomic-tip 
500/G according to the protocol provided by the developer.

Genome sequencing
HMW DNA from male and female plants were used to generate sequenc-
ing libraries for use with ONT flow cells (SQK-LSK109). The result-
ing libraries were run on a PromethION sequencer running for 48 h.  
All bases were called on the PromethION using Guppy v2.0, and the 
resulting fastq files were used for genome assembly.

Genome assembly and polishing
The fastq sequencing data were filtered for >10 kb reads using seqtk v1.2 
(https://github.com/lh3/seqtk). Filtered reads resulting from male and 
female plants were separately assembled using WTDBG2 v2.2 (wtdbg2 
-t64 -p19 -AS2 -e2 -L10000) (https://github.com/ruanjue/wtdbg2). Con-
sensus genome assemblies were generated by mapping reads >10 kb to 
the assembly with minimap2 v0.2 (https://github.com/lh3/minimap2) 
and then running Racon v1.3.1 (https://github.com/isovic/racon); the 
consensus process was repeated three times. The contig assemblies 
were further polished using paired-end 2 × 150 Illumina sequence by 
first aligning the reads to the consensus assemblies using minimap2 
followed by running the assembly tool Pilon v1.18 (https://github.com/
broadinstitute/pilon) three times using the paired-end 2 × 150 Illu-
mina sequence data. Purge Haplotigs v1.0.0 (https://bitbucket.org/
mroachawri/purge_haplotigs/src/master/) was applied to both the 
female and male Nanopore assemblies separately. The raw Illumina 
reads were aligned to the genome assemblies using bwa mem v0.7.17 
(https://github.com/lh3/bwa), and input files were prepared using SAM-
tools v1.3 (https://github.com/samtools/samtools). Purge Haplotigs 
was then run using the prepared bam files and genome assemblies.

Hi-C scaffolding and syntenic path assembly
While Illumina-polished ONT-based wtdbg2 assemblies were generated 
independently for male and female specimens, we further improved 
the contiguity of the male assembly using HiRise scaffolding of Chicago 
and Dovetail Hi-C libraries by Dovetail Genomics93 (Supplementary 
Fig. 24 and Supplementary Table 1). Heterologous Hi-C scaffolding of 
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the female genome assembly was performed using the female wtdbg2 
assembly and the male Hi-C sequencing data. A list of Hi-C contact posi-
tions for the female was generated with Juicer v1.6 (https://github.com/
aidenlab/juicer). This file was then used as input for 3D-DNA v170123 
(https://github.com/aidenlab/3d-dna) to order and orient fragments 
of the genome assembly. Because of its lack of detectable synteny to 
any regions in the male assembly, an unnaturally large scaffold of the 
female Hi-C assembly was collapsed to its original contigs. We also 
used another approach to scaffolding the female ONT assembly. With 
the male Hi-C assembly as a reference, we applied the syntenic path 
assembly to the female genome using the SynMap function of CoGe94. 
Assembly statistics are available in Supplementary Table 2. The scaf-
fold numbering in the final assembly corresponds to the chromosome 
numbers discussed in this paper.

Feeding experiment
Dried mealworms (batch number L400518, MultiFit Tiernahrungs 
GmbH) were ground into a fine powder with a mortar and a pestle to 
prepare a 100 mg ml−1 homogenate in water. The homogenate was 
subsequently centrifuged at 2,000 × g for 30 s, and the supernatant 
(mealworm extract) was obtained. Upon feeding, we measured the total 
volume of digestive fluid and added the mealworm extract adjusted to 
10% of the total volume to ensure a comparable concentration among 
pitchers with different sizes. The pitchers were then sealed using 
parafilm and left in the greenhouse for 24 h. The same procedure was 
applied to control plants fed with water alone.

RNA extraction and transcriptome sequencing
Leaves of N. gracilis were dissected into the lid, peristome, waxy zone, 
digestive zone, tendril and flat part (Supplementary Fig. 23). Digestive 
fluid was discarded. After washing with water and drying with a paper 
towel, the tissues were immediately frozen in liquid nitrogen. Tissues 
from five leaves (from multiple individuals) were pooled for one rep-
licate, and a total of three biological replicates were prepared. Root 
samples were collected from untreated plants, and each replicate was 
derived from a single individual. Frozen samples were homogenized in 
liquid nitrogen using mortar and pestle. RNA extraction was performed 
with PureLink Plant RNA Reagent solution (Thermo Fisher) according 
to the manufacturer’s instructions. The RNA pellet was resuspended 
in RNase-free water at 4 °C. After centrifuging at 18,850 × g for 10 min 
at 4 °C, the solution was transferred to a new tube and purified using 
an RNeasy Mini kit (Qiagen). While the above extraction method was 
used for Nepenthes, Ancistrocladus (flowers, leaves and roots (Sup-
plementary Fig. 25)), Triphyophyllum ( juvenile non-trap leaves (Sup-
plementary Fig. 26)) and Cephalotus (Supplementary Fig. 28), as well 
as trap leaves and roots of Drosophyllum, a modified CTAB protocol 
was used for Drosophyllum flowers (Supplementary Fig. 27). The fro-
zen Drosophyllum flower samples were homogenized with mortar 
and pestle. The ground sample was transferred to a pre-cooled 2 ml 
tube, and 0.75 ml of preheated 2× CTAB buffer (65 °C) was added. The 
tube was shaken vigorously by using a vortex mixer and incubated in a 
thermoshaker at 1,400 r.p.m. for 20 min at 60 °C. An aliquot of 0.75 ml 
chloroform:isoamyl alcohol (25:1) was added and mixed vigorously. 
The homogenate was centrifuged at 21,630 × g for 15 min at room tem-
perature. The supernatant was then transferred to a new 2 ml tube. For 
RNA precipitation, 1.5 ml of 100% ethanol was mixed with 60 µl of 3 M 
aqueous sodium acetate and added to the supernatant, which was then 
shaken at 500 r.p.m. for 60 min at room temperature. The homogen-
ate was centrifuged at 21,630 × g for 20 min at room temperature. The 
supernatant was discarded carefully to not disturb the pellet. The 
pellet was then washed with 1 ml of 75% ethanol. The supernatant was 
discarded, and the pellet was air dried for 15 min in a thermoshaker at 
37 °C. The pellet was resuspended in 100 µl of RNase-free water at 4 °C 
by shaking at 500 r.p.m. for 15 min. The samples were again centrifuged 
at 21,630 × g for 5 min at 4 °C. The solution was transferred to a new 

tube, and the RNA was purified using the RNeasy Mini kit (Qiagen).  
The quality of RNA was examined using Nanodrop (Thermo Fisher) and 
the Qubit IQ assay kit (Invitrogen). Total RNA was sent to Novogene, 
where paired-end mRNA sequencing libraries were prepared using 
the Novogene NGS RNA Library Prep Set (PT042). Briefly, after the 
poly-A enrichment and fragmentation, the first-strand complementary 
DNA was synthesized using random hexamer primers followed by the 
second-strand cDNA synthesis, end repair, A-tailing, adapter ligation, 
size selection for 250–300 bp insert size, amplification and purifica-
tion. Libraries were paired-end sequenced for 150 bps with an Illumina 
Novaseq 6000 platform.

Transcriptome assembly
Transcriptome assemblies for A. abbreviatus, D. lusitanicum and T. 
peltatum were generated with the RNA-seq reads (Supplementary 
Table 4). The reads were preprocessed with fastp v0.20.0 (https://
github.com/OpenGene/fastp) and assembled using Trinity (see Sup-
plementary Table 6 for version) (https://github.com/trinityrnaseq/
trinityrnaseq). Open reading frames (ORFs) were obtained with Trans-
Decoder v5.5.0 with a minimum length of 50 bp (-m 50) (https://github.
com/TransDecoder/TransDecoder). The longest ORFs among isoforms 
were extracted with the ‘aggregate’ function of CDSKIT v0.9.1 (https://
github.com/kfuku52/cdskit).

Repeat identification and annotation
For subsequent gene model prediction, repetitive elements on the 
reference genome were masked using RepeatMasker v4.0.9 (https://
github.com/rmhubley/RepeatMasker) with a species-specific repeti-
tive sequence library generated by RepeatModeler v2.0 (https://github.
com/Dfam-consortium/RepeatModeler) (Supplementary Table 3). For 
further identification and annotation of repetitive elements, we used 
EDTA v2.1.0 (https://github.com/oushujun/EDTA). To identify the overall 
repetitiveness of genomes, we performed de novo repeat discovery with 
RepeatExplorer295. We used a repeat library obtained from the RepeatEx-
plorer2 analysis of Illumina paired-end reads. All clusters representing at 
least 0.005% of the genomes were manually checked, and the automated 
annotation was corrected if needed. Contigs from the annotated clus-
ters were used to build a repeat library. Transposable element protein 
domains96 found in the assembled genomes were annotated using the 
DANTE tool available from the RepeatExplorer2 Galaxy portal (https://
galaxy-elixir.cerit-sc.cz/). Further repeat density distribution plots 
shown in Supplementary Fig. 11 were made using shinyCircos (https://
venyao.xyz/shinycircos/) and pyGenomeTracks v3.6 (ref. 97).

Analysis of tandem repeat clusters
We used StainedGlass v0.4 (https://github.com/mrvollger/StainedG-
lass) to identify repeat sequence clusters. The genomic distribution of 
repeat sequences was visualized using HiGlass v0.10.1 (https://github.
com/higlass/higlass) and HiGlass Manage (https://github.com/higlass/
higlass-manage) with the gene annotation track (https://github.com/
higlass/gene_annotations).

Transcriptome assembly for gene modelling
The transcriptome assembly was performed using a combination 
of genome-guided and de novo approaches. The genome-guided 
approach used StringTie v2.1.4 (https://github.com/gpertea/string-
tie) with aligned reads from HiSat2 v2.1.0 (https://github.com/Dae-
hwanKimLab/hisat2). For the de novo approach, we first ran Trinity 
v2.8.5 with default parameters, followed by running TransAbyss v2.0.1 
(https://github.com/bcgsc/transabyss) for multiple k-mers (51, 61, 71, 
81, 91 and 101). The resulting files from both approaches were merged 
to generate a single high-confidence transcriptome assembly using 
EvidentialGene v2022.01.20 (https://sourceforge.net/projects/evi-
dentialgene/). This approach was repeated for six RNA-seq libraries 
(DRR461683–DRR461688).
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Gene model prediction
Gene model prediction was performed using a combination of ab 
initio and homology-based approaches. First, six transcriptome 
assemblies were splice-aligned against the genome using PASA v2.3.3 
(https://github.com/PASApipeline/PASApipeline). The longest ORFs 
from these PASA alignments were also extracted using TransDecoder 
v.5.5.0. Next, we used the ab initio gene prediction tool GeneMark-ES 
v4.65 (ref. 98) and Braker v2.1.2 (https://github.com/Gaius-Augustus/
BRAKER) to produce two separate sets of candidate gene models on 
the reference genome soft-masked by RepeatMasker as described 
above. The initial RNA-seq alignments for Braker were produced 
using STAR aligner v2.7.2b (https://github.com/alexdobin/STAR). 
The final prediction step in Braker was carried out using Augus-
tus v3.3.2 (https://github.com/Gaius-Augustus/Augustus). Braker 
was run for six RNA-seq libraries. The homology-based predictor 
GeMoMa v1.6.1 (ref. 99) was used to produce two additional sets of 
candidate gene models using gene models from Arabidopsis thaliana 
(Athaliana_167_TAIR10 from Phytozome) and Populus trichocarpa 
(Ptrichocarpa_444_v3.1 from Phytozome). All candidate gene models 
were then combined to form a single high-quality set of 34,010 gene 
models using EVidenceModeler v1.1.1 (https://github.com/EVidenc-
eModeler/EVidenceModeler). The completeness of gene models was 
evaluated with BUSCO v5.3.2 (https://gitlab.com/ezlab/busco). The 
male gene models were transferred to the female genome assembly 
using GeMoMa.

Gene annotation
Functional annotation of predicted coding sequences was per-
formed with Trinotate v3.2.1 (https://github.com/Trinotate/
Trinotate) with the DIAMOND BLASTP search (v2.0.15, E value 
cut-off = 0.01, https://github.com/bbuchfink/diamond) against 
the UniProt database downloaded on 21 June 2022, resulting in 
the GO annotation in 53% (18,037/34,010) of gene models. Sig-
nalP v4.1 (ref. 100) and TMHMM v2.0c (ref. 101) were used to pre-
dict signal peptides and transmembrane domains, respectively. 
Coding sequences were used for RPS-BLAST v2.9.0 searches102 
against Pfam-A families103 (released on 25 November 2020) with an  
E value cut-off of 0.01 to obtain protein domain architectures.

Analysis of synteny and WGD
Syntelogs between homologous Nepenthes chromosomes were iden-
tified using JCVI v1.2.7 (https://github.com/tanghaibao/jcvi) with the 
MCscan pipeline. The identification of syntelogs between species 
was performed using SynMap2 (https://genomevolution.org/wiki/
index.php/SynMap2), which internally uses LAST for sequence align-
ments104, and then fractionation bias was analysed with FractBias26. 
The reproducible links are as follows: Vitis versus Nepenthes (https://
genomevolution.org/r/1myic) and Vitis versus Coffea (https://genom-
evolution.org/r/1myu9). Synonymous divergence of paralogous pairs 
was obtained using WGDdetector v1.1 (ref. 105).

Analysis of the male-specific region
The male-specific region was delimited on the male genome assembly 
using re-sequencing data (ddRAD-seq106) of 11 male and 10 female indi-
viduals sampled from wild populations, including data from previous 
work23. Male versus female read coverage was evaluated by mapping the 
read data to the genome with bwa mem v0.7.17-r1188, and alignments 
were filtered with SAMtools v1.12 against non-primary and supplemen-
tary alignments, and in the case of paired-end reads, by enforcing the 
‘properly paired’ status. Read depth per sample was counted in genomic 
windows using bedtools v2.30.0 (https://github.com/arq5x/bedtools2) 
and compared between the sexes by taking the log2 of the ratio of male 
and female normalized depth sums given by

rwindow = log2 ((mwindow/mtotal + 10−6) / (fwindow/ftotal + 10−6)) ,

where m is the sum of male read counts and f  is the sum of female read 
counts. Window-specific null distributions for this statistic were 
obtained by 1,000 permutations of the sex assignment of the 21 indi-
viduals. Male-specific sequences were further evaluated by counting 
k-mers (k = 16) in the ddRAD-seq data of males and females using KMC 
v3.1.0 (https://github.com/refresh-bio/KMC), requiring k-mers to occur 
at least two times. Observed k-mers were classified as male specific if 
they were present in at least 9 out of 11 male samples and absent in all 
10 female samples, using kmc_tools. All possible alignments of such 
male-specific k-mers in the reference genome were found by bwa mem, 
allowing at most one mismatch. The abundance of such k-mer align-
ments was counted in genomic windows using bedtools. 
Window-specific null distributions for the abundance of male-specific 
k-mers were generated by 1,000 permutations of the sexes and repeti-
tion of the above kmc_tools and alignment procedure.

Analysis of differential expression and GO enrichment
RNA-seq reads were preprocessed, pseudo-aligned to reference 
and TMM corrected using AMALGKIT v0.6.8.0 (https://github.com/
kfuku52/amalgkit), which internally uses fastp, kallisto v0.48.0 
(https://github.com/pachterlab/kallisto) and edgeR v3.36.0 (ref. 107). 
OrthoFinder-based single-copy genes were used for the cross-species 
TMM correction of expression levels in A. thaliana (Brassicaceae), 
C. follicularis, Dionaea muscipula (Droseraceae) and N. gracilis. In 
N. gracilis, the gene models of the male assembly were used for all 
samples, including flower samples from other species and cultivars. 
One flower sample (DRR461757) was removed from the analysis due 
to a low mapping rate (4.7%; Supplementary Table 4). DEGs between 
fed and unfed samples were detected using edgeR. While we utilized 
transcripts per million to analyse gene expression levels in Nepen-
thes flowers (Fig. 3e and Supplementary Fig. 14), we used fragments 
per kilobase million normalized by the trimmed mean of M values 
(TMM-FPKM) to account for the increased heterogeneity among sam-
ples from different species in the cross-species analyses presented 
in Supplementary Figs. 16 and 18, as well as the subset of this dataset 
shown in Fig. 3g.

Analysis of cis-regulatory elements
The 2 kb sequences upstream of the start codons of LFY genes were 
obtained with SeqKit v2.3.1 (https://github.com/shenwei356/seqkit). 
The JASPAR CORE v2022 non-redundant set of experimentally defined 
transcription factor binding sites for plants49 was used to search 
cis-regulatory elements using FIMO in the MEME Suite v5.4.1 (ref. 108) 
with the FDR cut-off value of 0.05.

Species tree inference
A total of 1,614 single-copy genes conserved in land plants were searched 
in the genomes and transcriptomes from the 20 species using BUSCO 
with the Embryophyta dataset in OrthoDB v10 (embryophyta_odb10)109. 
All genes marked as single-copy (S) or fragmented (F) were extracted, 
while those marked as duplicated (D) or missing (M) were treated as 
missing data (Supplementary Fig. 29). In-frame codon alignments were 
created by aligning translated protein sequences with MAFFT v7.475 
(ref. 110), trimming by ClipKIT v1.3.0 (https://github.com/JLSteenwyk/
ClipKIT) and back-translation by CDSKIT v0.10.2 (https://github.com/
kfuku52/cdskit). For each single-copy gene, nucleotide and protein ML 
trees were generated using IQ-TREE v2.2.0.3 (https://github.com/iqtree/
iqtree2) with the GTR+R4 model and the LG+R4 model, respectively. 
The collection of 1,614 single-copy gene trees was subjected to the 
coalescence-based species tree inference with ASTRAL v.5.7.3 (https://
github.com/smirarab/ASTRAL). In addition, concatenated alignments 
were generated with catfasta2phyml v2018-09-28 (https://github.com/
nylander/catfasta2phyml) and used as input to IQ-TREE for nucleotide 
and protein ML tree inference with the above substitution models. 
Amborella trichopoda was used as the outgroup for rooting.
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Divergence time estimation
Divergence time estimation was performed with, as input, the ML 
species tree and the concatenated codon alignment of single-copy 
genes. Fossil constraints used in previous studies111,112 were intro-
duced with NWKIT v0.11.2 (https://github.com/kfuku52/nwkit). Spe-
cies divergence was estimated with MCMCTREE in the PAML package 
v4.9 (https://github.com/abacus-gene/paml). Priors and parameters 
were chosen as described in a tutorial (http://abacus.gene.ucl.ac.uk/
software/paml.html). Branch lengths and substitution model param-
eters were pre-estimated using BASEML with a global clock using the  
GTR+G model.

Orthogroup classification
Gene sets from the 20 species (Supplementary Table 6) were grouped 
into 126,597 orthogroups by OrthoFinder v2.5.4 (https://github.com/
davidemms/OrthoFinder) with the inferred species tree as a guide 
tree. For downstream analysis, we extracted 12,123 orthogroups with 
genes from at least 50% of species and no more than 1,000 genes (Sup-
plementary Table 16).

Gene tree inference
For each orthogroup, the nucleotide ML tree was generated with the 
GTR+G4 model as described above. The confidence of tree topology 
was evaluated with ultrafast bootstrapping (–ufboot 1000) with the 
optimization by hill-climbing nearest neighbour interchange (-bnni). 
The ML tree was used as the starting gene tree for GeneRax v2.0.4 
(https://github.com/BenoitMorel/GeneRax) to generate a rooted, 
species-tree-aware gene tree. The divergence times of gene trees were 
inferred by the reconciliation-assisted divergence time estimation 
using RADTE v0.2.0 (https://github.com/kfuku52/RADTE), which uses 
a dated species tree as a reference to anchor the divergence time of 
gene tree nodes113.

Analysis of gene trees
Branching events in gene trees were categorized into speciation or 
gene duplication by a species-overlap method114. The dN/dS values 
were obtained for all branches in the 12,123 orthogroup trees using the 
mapdNdS approach with mapnh v2 (ref. 115) with parameter estima-
tion using IQ-TREE according to a previous report113. Nonsynonymous 
codon substitutions in LFY-Y were estimated with IQ-TREE and were 
mapped to the protein structure with CSUBST v.1.1.0 (https://github.
com/kfuku52/csubst)116.

Data visualization
Phylogenetic trees were visualized using the R package ggtree v3.2.0 
(https://github.com/YuLab-SMU/ggtree). General data visualization 
was performed with Python packages matplotlib v3.6.1 (https://github.
com/matplotlib/matplotlib) and seaborn v0.12.0 (https://github.com/
mwaskom/seaborn) as well as the R package ggplot2 v3.3.5 (https://
github.com/tidyverse/ggplot2). Protein structures were visualized 
using Open-Source PyMOL v2.4.0 (https://github.com/schrodinger/
pymol-open-source).

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

Data availability
Raw data and results are available at Dryad (https://doi.org/10.5061/
dryad.xsj3tx9mj). The N. gracilis genome assembly and gene models 
are available from the DNA Data Bank of Japan (DDBJ) with the accession 
numbers BSYO01000001 to BSYO01000176. The N. gracilis genome 
assemblies are also available on CoGe (https://genomevolution.org/
coge/) (genome ID: male assembly, 61566; female Hi-C assembly, 
61892; female syntenic path assembly, 61931) and Dryad (https://doi.

org/10.5061/dryad.xsj3tx9mj). DNA and mRNA sequencing reads 
were deposited to DDBJ (PRJDB15224, PRJDB15738, PRJDB15742 and 
PRJDB15737) and EBI (PRJEB20488), and the accession numbers are 
shown in Supplementary Tables 1 and 4. In this study, data were sourced 
from the following publicly accessible databases: DDBJ (https://
www.ddbj.nig.ac.jp/index-e.html), JASPAR (https://jaspar.genereg.
net/), NCBI (https://www.ncbi.nlm.nih.gov/), OrthoDB (https://www.
orthodb.org/), Pfam (https://www.ebi.ac.uk/interpro/) and UniProt 
(https://www.uniprot.org/).

Code availability
Scripts used in this study are available at Dryad (https://doi.org/10.5061/
dryad.xsj3tx9mj).
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