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SUMMARY

Madhuca hainanensis and Madhuca pasquieri are endangered species in China, classified as vulnerable on 

the IUCN red list. Compared to the fast-growing Madhuca longifolia, they exhibit lower fruit set and distinct 

floral morphology. Here, we present the chromosome-level genome assembly of M. hainanensis (760.86 Mb, 

12 pseudochromosomes) using PacBio HiFi, Illumina, and Hi-C sequencing. Comparative genomics across 

floral developmental stages identified six key genes, including ADO1 and COL5, associated with floral diver

gence. This study provides genomic insights critical for conservation efforts and elucidates molecular mech

anisms contributing to the species’ endangered status.

INTRODUCTION

The diversity in floral morphology is a result of evolutionary 

adaptation to different environments and is crucial for plant 

reproductive success.1,2 Variations in floral morphology can 

affect pollinator attraction, pollen dispersal efficiency, and 

seed production, influencing plant survival and reproduction.3

Pollen morphology studies are significant for plant species 

conservation.4 While studies on model plants like Arabidopsis 

thaliana have revealed many key genes and regulatory net

works controlling flower organ development,5,6 the genetic 

control of floral morphology remains a complex and unre

solved issue in plant biology. This is particularly true for 

non-model plants, where the genes and regulatory mecha

nisms affecting flower development are not well understood, 

limiting our understanding of floral morphology regulation. 

Recent genomic approaches have provided new pathways 

to decipher the molecular mechanisms underlying floral organ 

differentiation.7 The genus Madhuca belongs to the family 

Sapotaceae and includes approximately 85 species world

wide. In China, the genus Madhuca comprises only two spe

cies, Madhuca hainanensis and Madhuca pasquieri. Both spe

cies are designated as national second-class protected wild 

plants and are classified as vulnerable on the IUCN red list. 

Effective conservation measures are required to prevent their 

exploitation and ensure their survival. M. hainanensis is a kind 

of precious wood with corrosion resistance in the southern 

and western parts of Hainan Island, China. It grows at eleva

tions ranging from 70 to 1200 m in mountain evergreen forests 

and moist valleys. The wood is highly durable, resistant to 

decay, and shipbuilding, furniture, and more.8 The seeds 

contain approximately 50% oil, which is edible and used in 

soap production. The tree also produces a viscous latex 

used for adhesive extraction, and its bark has medicinal prop

erties.9 M. hainanensis can flower and fruit normally at 

approximately 25 years old, demonstrating good resistance 

to drought, cold, and pests. However, detailed studies on flo

ral morphology and the genome of M. hainanensis are lacking. 

M. pasquieri is valued for its wood and oil, with some medic

inal uses.10 It produces a latex that can be used to extract 

rubber. Our research group has previously analyzed the tran

scriptome and metabolome of M. pasquieri seedlings11,12 and 

completed its whole-genome sequencing, providing high- 

quality data for future studies. Madhuca longifolia, native to In

dia and Myanmar, is a fast-growing species with significant 

economic and medicinal value.13 Its seeds are used for bio

diesel production,14,15 flowers are edible,16 and leaves have 

pharmacological effects.17,18 Our group has completed the 

genome sequencing of M. longifolia,19 offering the reference 

genome for the genus Madhuca (GWHDTZT00000000). Our 

preliminary studies found that the two endangered species 

exhibited lower fruit set rates and significant morphological 

divergence in floral characteristics relative to the exotic, 

fast-growing M. longifolia, a species native to India and 

Myanmar. This study aims to perform whole-genome 

sequencing of M. hainanensis and conduct comparative 

genomic and transcriptome analyses to identify key genes 

influencing floral morphology divergence across three Mad

huca species. This research fills the genomic data gap for 

M. hainanensis and provides insights into the molecular mech

anisms of flower development and the conservation of endan

gered species.
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RESULTS

Comparative morphology of floral in three species of 

Madhuca

The floral morphology of the three Madhuca species at three 

developmental stages used for sampling is shown in Figure 1. 

The three species have bisexual flowers, generally arranged in 

axillary umbels and pendulous, with a few species having solitary 

axillary flowers. The observations (Figure 2A) indicate that the 

native endangered species M. hainanensis and M. pasquieri 

have similar floral morphologies, whereas the exotic fast- 

growing species M. longifolia exhibits distinct differences in floral 

morphology, particularly in petal arrangement and stamen 

configuration. M. pasquieri and M. hainanensis have petals that 

spread out during full bloom, with stamens arranged in a single 

whorl. In contrast, the petals of M. longifolia remain wrapped 

around the style during full bloom, with stamens arranged in 

two whorls. Additionally, the style of M. longifolia is significantly 

thicker than those of the other two species. In terms of flower co

lor, M. pasquieri and M. hainanensis produce yellowish white or 

white flowers, while M. longifolia exhibits yellow-green flowers. 

M. pasquieri has the smallest flowers among the three species, 

with M. hainanensis and M. longifolia having similarly sized 

flowers. There are also minor differences in the pedicels and se

pals among the three species. The flowering periods of the Mad

huca species vary, with M. pasquieri and M. hainanensis typically 

flowering from July to September, whereas M. longifolia flowers 

earlier, from March to May, likely due to its tropical origin.

Figure 1. Sampling stages of flora development in three Madhuca species, M. hainanensis, M. pasquieri, and M. longifolia 

Bud exposure stage (S1), full bloom stage (S2), and late bloom stage (S3), Scale bars, 1 cm.
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In addition to comparing the macro-level floral morphology, 

this study also analyzed the pollen of the three species using 

scanning electron microscopy (SEM). SEM observations re

vealed that the pollen of all three Madhuca species is monad 

(Figure 2B). Quantitative SEM measurements revealed clear 

interspecific differences in pollen size. The pollen grains of 

M. hainanensis were the largest, followed by M. pasquieri, 

whereas those of M. longifolia were the smallest. The average 

polar axis (P) lengths for M. pasquieri, M. hainanensis, and 

M. longifolia are 25.85 ± 0.67 μm, 28.35 ± 0.94 μm, and 

22.60 ± 0.64 μm, respectively. The average equatorial axis 

(E) lengths are 42.84 ± 0.40 μm, 44.80 ± 1.01 μm, and 40.78 ± 

1.03 μm, respectively. The pollen grains of the three species 

are similar in equatorial view, with rectangular outlines, but 

show significant differences in polar view. M. pasquieri has a 

star-shaped polar view with four grooves, M. hainanensis has a 

star-shaped polar view with four or five grooves, while 

M. longifolia has a star-shaped polar view with four or five 

grooves. The pollen surface ornamentation also varies, with 

M. pasquieri and M. longifolia having punctate surfaces with per

forations, whereas M. hainanensis having vermiculate surfaces 

with perforations. Notably, M. hainanensis has more perforations 

than the other two species. Understanding the pollen morpho

logical characteristics of Madhuca species can help reveal their 

potential pollination mechanisms, providing scientific basis for 

promoting their reproductive success and the conservation of 

endangered species.

Genome sequencing and assembly of M. hainanensis

Genome assemblies have been generated for all three Madhuca 

species in our research group; in this study, we present 

M. hainanensis as the primary chromosome-level reference, 

while the previously published M. longifolia genome and an in- 

house M. pasquieri assembly are used for comparative analyses.

The genome size of M. hainanensis was estimated to be 

641.94 Mb based on k-mer analysis (k = 21), indicating a hetero

zygosity rate of 1.44% (Figure S1). From the Illumina sequencing 

platform, we obtained 193,224,666 raw reads totaling 28.98 Gb. 

After quality filtering, the effective data volume was reduced to 

28.76 Gb clean reads, with a GC content of 37.10%. Utilizing 

PacBio HiFi sequencing, we obtained 25.25 Gb of high-quality 

clean reads, which played a crucial role in assembling the 

M. hainanensis genome into 725 contigs with a total length of 

760.01 Mb. The scaffold N50 reached 48.10 Mb, and the largest 

contig measured 81.27 Mb, with an average GC content of 

34.25% (Table S1). The alignment of Illumina clean reads to the 

preliminary assembled genome resulted in an alignment rate of 

96.08% and a genome coverage of 99.58% (Table S2), indicating 

a high level of consistency between the reads and the assembled 

genome. Hi-C sequencing added an additional layer of structural 

insights, providing 67.44 Gb of high-quality filtered clean reads. 

This enabled the scaffolding of assembled contigs into 12 pseu

dochromosomes (Figure 3B), with sizes ranging from 45.43 Mb to 

84.78 Mb (Table S3). The final assembly of the M. hainanensis 

genome was 760.86 Mb, with a contig N50 of 48.11 Mb and a 

Figure 2. Floral morphology of three Madhuca species, M. hainanensis, M. pasquieri, and M. longifolia 

(A) Floral morphology dissection of three Madhuca species. 

(B) Scanning electron microscopy of pollen in three Madhuca species. Scale bars: 20 μm (group view); 2 μm (polar view, equatorial view, surface ornamentation).
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scaffold N50 of 60.09 Mb (Table 1). The maximum contig and 

scaffold lengths attained were 81.24 Mb and 84.78 Mb, respec

tively, with an average GC content of 34.29%.(Figure 3A). The 

completeness of the final genome assembly was assessed using 

BUSCO (Table S4). The analysis revealed a high level of 

completeness, with 98.82% of the genes classified as complete. 

Among these complete genes, 94.55% were present as single 

copies and 4.28% were duplicated. Only 0.74% of the genes 

were fragmented, and 0.43% were missing. Genome quality 

was further evaluated using k-mer based analysis in Merqury 

and repeat continuity assessment using LTR_retriever. The as

sembly achieved a high Merqury QV value and high k-mer 

Figure 3. Integrated genomic and evolutionary analyses of three Madhuca species, M. hainanensis, M. pasquieri and M. longifolia 

(A) The circos diagram of M. hainanensis. The circles from outer to inner separately represented: A-a. chromosome length; A-b. Gene density; A-c. GC content 

distribution; A-d. Transposon distribution density; A-e. LINE distribution density; A-f. distribution density of second-generation reads; A-g. LTR Copia distribution 

density; A-h. Colinearity of genome blocks. 

(B) Genome-wide chromatin interactions of 12 pseudochromosomes. 

(C) Phylogenetic tree of three species of Madhuca and 12 additional species. The phylogenetic relationships among 15 species are shown. The bar plot rep

resents different types of gene families in each species. Species names are color-coded: green for basal plants, blue for monocots, red for superasterids, and 

purple for rosids. The numbers below the pie charts on the branches indicate the counts of gene families that underwent expansion/contraction at each niode.
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completeness, indicating high base-level accuracy (Tables S5

and S6). In addition, the whole-genome LAI score exceeded 20, 

suggesting reference-quality assembly of LTR retrotransposons 

(Table S7). These results further support the high fidelity and 

repeat completeness of the M. hainanensis genome assembly.

Genome annotation of M. hainanensis

Through detailed annotation of repetitive sequences in the 

genome of M. hainanensis, several important findings have 

been elucidated. Using TRF, 52,067,546 bp of tandem repeat se

quences were annotated, constituting 6.84% of the genome. 

Additionally, RepeatMasker was employed to annotate scattered 

repeat sequences based on de novo annotation results, Re

pbase, and RepeatProteinMask using its inherent amino acid 

sequence library. Following integration and deduplication, a total 

of 456,195,252 bp of repetitive sequences were identified, ac

counting for 59.96% of the genome (Table S8). Further analysis 

of these repetitive sequences revealed that DNA transposons ac

counted for 19.21% of the genome, while LTR retrotransposons 

comprised 38.96%, making them the predominant transposon 

type in the genome of M. hainanensis, with LINE transposons ac

counting for 3.46% (Table S9). In terms of non-coding RNA anno

tation, 321 miRNAs, 4970 rRNAs, 432 snRNAs, and 7536 tRNAs 

were identified (Table S10). In the annotation of protein-coding 

gene structures, a total of 37962 protein-encoding genes were 

identified. Comparative analysis with closely related species re

vealed that M. hainanensis had fewer genes but longer gene 

lengths and more complex structures (Tables S11 and S12). Us

ing the BUSCO assessment method, the completeness of the en

coded genes in M. hainanensis reached 99.38% (Table S13). 

Finally, functional annotation was performed on the gene-coding 

sequences, with the highest number of annotated genes ob

tained from the NR database, totaling 35263, accounting for 

92.89% of the total number of encoded genes. Additionally, func

tional annotations were acquired from SwissProt, GO, and KEGG 

databases (Table 1).

Genome assembly and annotation statistics for the three Mad

huca species are summarized in Table 1. Comparative analysis re

vealed that the three species exhibited close similarity in genome 

size. M. hainanensis possessed a slightly larger genome 

(760.86 Mb), whereas M. pasquieri and M. longifolia showed rela

tively smaller genomes (736.46 Mb and 737.92 Mb, respectively). 

The GC content among the three species was relatively consis

tent. M. hainanensis displayed the highest scaffold N50 and contig 

N50 values, indicating superior continuity in genome assembly. 

The longest scaffolds in all three species exceeded 84 Mb, sug

gesting the acquisition of relatively long contiguous sequences 

during genome assembly. In terms of annotation results, 

M. pasquieri exhibited the highest proportion of repetitive se

quences in its genome, while M. hainanensis had the lowest. Dis

crepancies were observed in the annotation of protein-coding 

genes, with M. pasquieri possessing the highest number and 

M. hainanensis the lowest. Additionally, differences were noted 

in the annotation proportions across databases (NR, SwissProt, 

GO, and KEGG), reflecting potential species-specific variations 

in gene function and metabolic pathways. In summary, while the 

three species exhibited similarities in genome size and chromo

some number, they displayed significant divergence in genome 

assembly quality, gene annotation, and genome completeness. 

These distinctions establish the basis for enhanced comprehen

sion of genetic diversity and adaptive traits in these species.

Demographic history of M. hainanensis

Based on the demographic history analysis for the species 

M. hainanensis (Figure S2), it was observed that the effective 

population size (Ne) of M. hainanensis maintained a relatively 

high level until approximately 22 million years ago. Subse

quently, there was a significant decline in the effective population 

size from about 20 million years to 440,000 years ago, eventually 

nearing extinction. Several notable fluctuations were observed 

within this decline, indicating possible responses to past envi

ronmental changes.

Table 1. Genome assembly and annotation results of three species of Madhuca

Genomic characteristics

Madhuca species

M. hainanensis M. pasquieri M. longifolia

Genome Size (Mb) 760.86 736.46 737.92

GC content (%) 34.29 34.03 33.74

scaffold N50 (Mb) 60.09 57.83 60.05

contig N50 (Mb) 48.11 9.00 30.99

Maximum scaffold (Mb) 84.78 84.01 84.26

Chromosome karyotype 2n = 24 2n = 24 2n = 24

BUSCO Assessment (C) (%) 98.82 98.12 98.95

Repeat conten (%) 59.96 68.48 65.90

Number of annotated protein-coding genes 37962 63311 46610

Mean gene Length (bp) 6472.01 4621.82 5561.26

NR database (%) 92.89 93.77 74.93

SwissProt Database (%) 66.56 55.18 51.71

GO Database (%) 72.63 54.69 57.21

KEGG Database (%) 31.85 92.45 73.30

BUSCO Assessment (C) (%) 99.38 93.18 96.47
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Genome evolution and comparative genomics

Gene family clustering

To elucidate the evolutionary relationships among the three 

Madhuca species and contrast these phylogenies with 12 repre

sentative species, we performed a comparative genomics anal

ysis. Clustering of gene families showed that M. pasquieri pos

sesses the largest number of gene families among the 15 

species studied (Table S14). Clustering analysis further identified 

a total of 19,790 shared gene families among the three Madhuca 

species, with species-specific gene families comprising 8,118 

for M. hainanensis, 35,376 for M. pasquieri, and 21,065 for 

M. longifolia, respectively (Figure 4A).

Phylogenetic analysis and species divergence

Based on 42 single-copy gene families identified across the 15 

species, a phylogenetic tree was constructed (Figure 3C), 

revealing close phylogenetic relationships between the Mad

huca species and other wood plants like Camellia sinensis, 

Rhododendron simsii, and Actinidia chinensis. The divergence 

time estimates suggest that M. longifolia diverged from 

M. pasquieri and M. hainanensis around 53.42 million years 

ago, while M. pasquieri and M. hainanensis diverged approxi

mately 42.61 million years ago.

Gene family expansion and contraction

The evolutionary process has driven dynamic the expansion and 

contraction of gene families in response to environmental 

pressures, which is closely associated with adaptive evolution 

among related species. Using CAFÉ, we identified 900, 912, and 

708 gene families, respectively, while 1,046, 2,067, and 2,573 in 

M. hainanensis, M. pasquieri, and M. longifolia, respectively 

(Figure 3C). GO and KEGG enrichment analyses of the contracted 

gene families in M. hainanensis showed significant enrichment in 

functions related to external membrane (GO:0019898), transpo

sase activity (GO:0004803), and DNA-mediated transposition 

(GO:0006313), as well as KEGG pathways such as plant-path

ogen interaction (ko04626) and phosphatidylinositol signaling sys

tem (ko04070) (Figure S3). In contrast, the expanded gene families 

in M. hainanensis were significantly enriched in photosynthesis- 

and energy-related functions, including photosynthetic 

Figure 4. Comparative genomic analysis of Madhuca hainanensis with other plants 

(A) Venn diagram of unique and common gene families of the three species of Madhuca, M. hainanensis, M. pasquieri, and M. longifolia. 

(B) Distribution of synonymous substitution rates (Ks) for homologous genomes, shown separately for intraspecific (Figures 4B-a) and interspecific (Figures 4B-b) 

comparisons. 

(C) Synteny analysis between Vitis vinifera and three species of Madhuca, M. hainanensis, M. pasquieri, and M. longifolia. 

(D) Synteny analysis among three species of Madhuca, M. hainanensis, M. pasquieri, and M. longifolia.
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membrane (GO:0034357), electron transport chain (GO:0022900), 

and photosynthesis (GO:0015979), while KEGG analysis indicated 

high enrichment in metabolic pathways including photosynthesis 

(ko00195) and oxidative phosphorylation (ko00190) (Figure S4). 

These results indicate that gene family expansion in 

M. hainanensis is closely associated with energy metabolism 

and photosynthetic processes.

To examine whether these expanded energy-related genes also 

show expression divergence, we compared their expression levels 

with their one-to-one orthologs in the closely related species 

M. pasquieri across the three floral developmental stages (S1– 

S3). At the gene-set level, multiple enriched pathways, including 

photosynthesis, photosynthetic membrane, electron transport 

chain, and oxidative phosphorylation, showed stage-dependent 

expression divergence between the two species (Table S15).

These results suggest that the photosynthesis- and energy 

metabolism-related gene families expanded in M. hainanensis 

have also undergone divergence in their expression patterns 

during floral development, relative to their orthologs in 

M. pasquieri. All GO and KEGG terms mentioned previously 

are significant at FDR <0.05 (Table S16).

Whole-genome duplication and collinearity analysis

Ks distributions indicated shared ancient polyploidy signals 

among Madhuca and related species (Figure 4B). A shared Ks 

peak at approximately 1.5 suggests a core eudicot shared 

whole-genome triplication event. Additionally, M. hainanensis 

showed a distinct peak at Ks ≈ 0.69, suggesting a subsequent 

WGD event following the earlier triplication. The Ks values reflect 

divergence points relative to other species, consistent with 

phylogenetic evidence and supporting the hypothesis that the 

M. hainanensis lineage underwent an ancestral whole-genome 

triplication (WGT) followed by a more recent WGD. The propor

tion of genomic covariate blocks can be inferred as the number 

of WGD. Since the genome of Vitis vinifera is relatively ancient 

and has undergone only the WGT shared by core-dicotyle

donous plants, we selected Vitis vinifera as the reference species 

and three plants of the genus Madhuca for the covariate analysis 

in this study.

The results showed that there was an obvious 2:1 linear rela

tionship between Vitis vinifera and all plants of the genus Mad

huca (Figure 4C); in addition, the results of the previous study 

of our group showed that both Vitis vinifera and M. pasquieri 

experienced a WGT and a WGD, which is consistent with the re

sults of the Ks analysis of M. pasquieri, and further confirming the 

conclusion that M. hainanensis experienced a WGT event and a 

WGD event. Next, we performed covariance analysis on the ge

nomes of three Madhuca species. The results demonstrated that 

the chromosomes of M. hainanensis, M. pasquieri, and 

M. longifolia exhibited a high degree of covariance, forming 

robust 1:1 chromosomal correspondences (Figure 4D), which re

flects that the genome structures of the three Madhuca species 

are conserved to a certain degree. Furthermore, the high collin

earity confirms the superior assembly quality of the 

M. hainanensis genome. To investigate whether post-WGD re

tained genes are associated with floral development, we ex

tracted paralogous gene pairs corresponding to the Ks ≈ 0.69 

WGD peak and performed GO/KEGG enrichment analyses. 

Several significantly enriched terms were directly related to floral 

and reproductive development (e.g., flower development and 

reproductive shoot system development) and regulatory path

ways such as plant hormone signal transduction and MAPK 

signaling (Table S17).

Importantly, a substantial proportion of these WGD-retained 

genes showed systematic expression changes across the three 

floral developmental stages (S1–S3) in M. hainanensis, with 

many genes displaying coordinated increases or stage-specific 

expression patterns (Table S17), indicating that post-WGD 

gene retention is accompanied by developmentally regulated 

transcriptional dynamics during floral development.

Transcriptome analysis revealed key genes affecting 

floral morphology

The gene expression patterns in M. pasquieri and M. hainanensis 

during the Bud exposure stage (S1) showed significant differ

ences compared to those observed during the full bloom stage 

(S2) and late bloom stage (S3), with the latter two stages exhibit

ing greater similarity to each other. This correlation between 

gene expression patterns and floral morphology was also 

evident. However, the exotic species M. longifolia exhibited 

distinct gene expression patterns during the full bloom stage 

(S2) and late bloom stage (S3), which might be related to its 

unique floral morphology as reflected by the markedly different 

numbers of differentially expressed genes between these stages 

(Figure 5).

GO enrichment analysis indicated that DEGs in the floral 

development of all three species were primarily enriched in the 

biological process and molecular function categories. The 

DEGs were mainly associated with cell processes (GO: 

0009987) and metabolic processes (GO: 0008152) in the biolog

ical process category, suggesting that cellular functions and 

metabolic activities play crucial roles in floral morphogenesis 

and functionality. In the molecular function category, the DEGs 

were enriched in catalytic activity (GO: 0003824) and binding 

(GO: 0005488), indicating the involvement of these genes in 

various biochemical reactions and molecular interactions essen

tial for floral physiology and development. Additionally, in the 

cellular component category, DEGs were enriched in anatomical 

structures (GO: 0110165), reflecting the adjustment and optimi

zation of cellular structures and tissues during floral development. 

KEGG enrichment results showed that DEGs in the three species 

during the three developmental stages were significantly enriched 

in key pathways, including metabolic pathways, biosynthesis of 

secondary metabolites, plant hormone signal transduction, and 

starch and sucrose metabolism. These findings suggest that 

these conserved pathways may play critical regulatory roles in 

the fundamental biological processes governing floral develop

ment. Through trend analysis, comprehensive investigation of dif

ferential gene expression patterns across floral developmental 

stages was conducted in the three species (Figure 6). The results 

showed specific expression patterns of differentially expressed 

genes across the species. By integrating phenotypic observa

tions, key expression profiles exhibiting highly correlated with flo

ral developmental stages were selected for GO enrichment anal

ysis. This analysis focused on pathways within the biological 

process category that are closely implicated in floral 
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morphogenesis, identifying key genes associated with floral 

morphological differences in the three species. Consequently, 

there are five, five, and nine key genes affecting floral morphology 

were identified in M. hainanensis, M. pasquieri, and M. longifolia, 

respectively (Tables S18–S20).

It is noteworthy that the key genes in M. hainanensis and 

M. pasquieri were classified into trend analysis profile six (initial 

upregulation followed by stabilization), whereas the key genes 

in M. longifolia were classified into profile two (initial downregu

lation followed by upregulation), showing different expression 

trends from the former two species. After identifying the key 

genes affecting floral morphogenesis in the three Madhuca spe

cies, the homologous gene expression patterns were compared 

across the species to discover the genes influencing floral 

morphological differences. When homologous genes showed 

Figure 5. Numbers of differentially ex

pressed genes (DEGs) (up- and downregu

lated) across three floral developmental 

stages (S1 vs. S2, S1 vs. S3, and S2 vs. S3) 

in the three species of Madhuca, 

M. hainanensis, M. pasquieri, and 

M. longifolia

inconsistent expression trends between 

species, it indicated their potential role 

in determining floral morphological 

differences. Based on the heatmap of 

key gene expression and their homologs 

in the three species (Figure 7A), genes 

such as Mha_mikado.Chr_03G2000 

(ADO1) and Mpa_Mapa01G00022934 

(ADO1) showed similar trends (initial 

upregulation followed by stabilization), 

whereas Mlo_mikado.Chr_03G1348 

(ADO1) displayed a different trend (initial 

upregulation followed by downregula

tion). Similarly, homologous genes like 

Mha_mikado.Chr_02G1189 (COL5), 

Mpa_Mapa01G00058724 (COL5), and 

Mlo_mikado.Chr_02G3738 (COL5) 

showed differing expression patterns 

across the species. Overall, these genes 

exhibited similar expression patterns in 

M. hainanensis and M. pasquier, but dis

played distinct patterns in M. longifolia, 

which correlated with the observed 

phenotypic differences in floral charac

teristics. This finding indicates that these 

genes constitute key regulators underly

ing the divergent floral morphologies be

tween M. longifolia and the other two 

Madhuca species. To validate these find

ings, RT-qPCR was performed on two 

groups of six genes exhibiting similar 

expression patterns in M. pasquieri and 

M. hainanensis, but divergent expression 

patterns in M. longifolia. The RT-qPCR 

results (Figure 7B) aligned with the RNA-seq data, thereby 

corroborating the reliability of the transcriptome sequencing 

analysis.

DISCUSSION

Floral morphology variations and reproductive 

implications in Madhuca species

The variations in floral morphology among three species of the 

genus Madhuca may influence their reproductive strategies. In 

M. longifolia, the flowers do not fully open during peak 

blooming periods, and the stamens arranged in two whorls. 

This floral configuration serves to shield pollen and nectar 

within the corolla from adverse meteorological conditions, 

thereby attracting more pollinators and enhancing pollination 
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efficiency. In contrast, the flowers of M. hainanensis and 

M. pasquieri exhibit laterally expanded petals and pedicels 

that bend downwards during full anthesis. This morphology 

renders pollen more vulnerable to meteorological conditions 

such as wind and precipitation, which can reduce pollination 

efficiency. Additionally, their flowering phenology frequently 

coincides with the rainy season, which may negatively affect 

pollen viability and hinder successful sexual reproduction, 

Figure 6. Trend analysis of DEGs across 

three floral developmental stages in the 

three species of Madhuca, M. hainanensis, 

M. pasquieri, and M. longifolia 

(A) Trend profiles for M. pasquieri. 

(B) Trend profiles for M. hainanensis. 

(C) Trend profiles for M. longifolia. 

Note: For each profile, the bottom-left number 

indicates the p-value, the top-left number is the 

profile ID, the number in parentheses is the gene 

count assigned to that profile, and colored profiles 

denote significance (p < 0.05).

leading to reduced seed set and 

constrain population recruitment.

Pollen morphology variations not only 

reflect genetic diversity among species 

but also correlate with their reproductive 

strategies.20 The number and shape of 

germination pores can affect pollen 

germination efficiency and pollen tube 

growth, thereby influencing reproductive 

success rates.21 M. hainanensis and 

M. pasquieri typically have fewer germi

nation pores than M. longifolia, poten

tially lowering their reproductive success 

rates. Phylogenetic analysis indicates 

that M. longifolia diverged first among 

the three species, followed by 

M. hainanensis and M. pasquieri. The 

pentagonal shape of the pollen in 

M. longifolia is likely a primitive trait, while 

the tetragonal pollen shape observed in 

M.hainanensis and M. pasquieri. M. hai

nanensis may be an adaptation to spe

cific environmental conditions during 

their evolutionary process. The SEM 

comparison of pollen among these spe

cies highlights differences that not only 

reflect genetic diversity and ecological 

adaptability,22 but also provide important 

scientific bases for the conservation of 

endangered species.

Genomic insights from 

M. hainanensis

This study generated a high-quality 

genome assembly for M. hainanensis uti

lizing Illumina, PacBio HiFi, and Hi-C tech

nologies, establishing a new reference genome for the genus 

Madhuca. Comparative genomic analysis revealed that the 

genome size of M. hainanensis (760.86 Mb) is slightly larger than 

that of M. pasquieri (736.46 Mb) and M. longifolia (737.92 Mb). 

The contig N50 of M. hainanensis (48.11 Mb) is higher than that 

of M. pasquieri (9.00 Mb) and M. longifolia (30.99 Mb), indicating 

higher assembly continuity. Repetitive sequences, particularly 

transposable elements, significantly influence genome size and 
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complexity. The proportions of repetitive sequences in 

M. pasquieri, M. hainanensis, and M. longifolia are 68.48%, 

59.96%, and 65.90%, respectively. Notably, M. hainanensis and 

M. pasquieri have a higher proportion of LTR retrotransposons, 

while M. longifolia is dominated by DNA transposons, especially 

Helitron types, which account for 62.31% of its genome. These 

differences may be related to the species-specific evolutionary 

history and ecological adaptability. During evolution, species 

may have experienced different transposon expansion events, 

which are influenced by species-specific ecological pressures 

and natural selection.23 Gene family and evolutionary analyses 

reveal that M. pasquieri has the greatest counts of unique paralo

gous genes (30,744) among the 15 compared species, and the 

highest number of protein-coding genes (63,311) and unique 

gene families (35,376). Furthermore, this species exhibits the 

most significantly expanded (912) and contracted (2,067) gene 

families among the three analyzed species.

The GO enrichment analysis of shared and unique gene 

families obtained from clustering analysis of the three species 

revealed that the unique gene families in M. hainanensis and 

M. pasquieri were enriched in flower-related GO terms, 

such as flower development (GO:0009908), regulation of 

floral development (GO:0009909), floral whorl development 

(GO:0048438), floral organ development (GO:0048437), and 

floral organ morphogenesis (GO:0048444). However, GO 

enrichment analysis of the unique gene families in 

M. longifolia did not demonstrate significant enrichment in 

these floral-related pathways. This finding suggests that 

Figure 7. Expression validation of floral morphology-associated genes in Madhuca species 

(A) Heatmap of key genes influencing floral morphology and their homologous genes in three species of Madhuca, M. hainanensis, M. pasquieri, and M. longifolia. 

(B) RT-qPCR validation of six key genes influencing floral morphology in three species of Madhuca. 

Data are represented as mean ± SEM. Different letters indicate statistically significant differences, (p < 0.05, one-way ANOVA followed by Tukey’s post-hoc test).
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during the evolutionary trajectory of M. longifolia, functional 

divergence within these gene families may have occurred, 

potentially attributable to differential ecological adaptations 

and reproductive strategies associated with its rapid growth 

as an exotic species. PSMC analysis indicates a significant 

decline in the effective population size of M. hainanensis be

tween approximately 2.0 × 10− 7 to 4.4 × 10− 5 years ago, cor

responding to major geological and climatic events. The uplift 

of the Qinghai-Tibet Plateau around 8 million years ago, which 

initiated the South Asian monsoon and contributed to inland 

aridification,24,25 likely played a pivotal role. Additional 

contributing factors include the increase in loess mass accu

mulation rate in China around 3 million years ago,26 and the 

onset of the Xixiabangma Glaciation from 0.8 to 1.2 million 

years ago,27 both of which may have exacerbated the long- 

term population decline and shaped the current endangered 

status of the species.

Key genes influencing floral morphology

During the identification of key genes influencing floral 

morphology, the homologous gene Mlo_mikado.Chr_04G1539 

(MYB62) was found to be highly expressed in M. longifolia, 

potentially contributing to its unique floral development. 

MYB62 is known to function in responses to nutrient deficiency, 

gibberellin metabolism,28 flowering time regulation,29 and antho

cyan in biosynthesis,30,31 highlighting its multifaceted signifi

cance in plant growth and adaptation. Similarly, the gene 

Mha_mikado.Chr_06G600 (AGL12) shows high expression in 

M. hainanensis, correlating with its specific floral morphology. 

AGL12, a member of the MIKC-type MADS-box subfamily, plays 

a pivotal role in root meristem cell proliferation and flowering 

transition.32 Heterologous expression of the AGL12 gene in Vitis 

vinifera, accelerates flowering initiation, enhances vegetative 

growth, and increased yield.33

Comparative transcriptome analyses across Hypericum 

species in the Changbai Mountains found that delayed flower

ing phenology correlates with higher expression levels of SVP 

and AGL12, and lower expression levels of FUL.34 In another 

group of homologous genes, Mha_mikado.Chr_02G1189 

(COL5) and Mpa_Mapa01G00058724 (COL5) exhibit 

congruent expression patterns, whereas Mlo_mikado.Chr_ 

02G3738 (COL5) displays divergent expression trend, which 

may be related to the unique floral development pattern of 

M. longifolia. Empirical evidence indicates that COL5 overex

pression induces precocious flowering in Arabidopsis thaliana 

under short-day photoperiods, thus demonstrating its function 

as a key regulator of flowering time.35 After identifying the key 

genes ADO1 and COL5 that influencing floral morphology and 

validating their expression levels via RT-qPCR, further molec

ular biology experiments are needed to elucidate the specific 

roles in floral morphology development. In conclusion, these 

genes play diverse roles in regulating floral morphology, re

sponding to environmental signals, and adaptive evolution, 

thereby providing novel insights into plant adaptive mecha

nisms and endangered species conservation. Future popula

tion-level resequencing across multiple individuals will further 

enable investigation of genetic diversity, population structure, 

and adaptive evolution in Madhuca species.

Limitations of the study

This study provides a chromosome-level reference genome for 

M. hainanensis and comparative insights into floral divergence, 

but several limitations should be noted. First, population rese

quencing data were not included due to the protected status 

of M. hainanensis, limiting analyses of genetic diversity and se

lection signatures. Second, only floral developmental stages 

were analyzed for transcriptomics, and other tissues (e.g., 

leaves, seeds) could provide additional functional context. Third, 

the functional validation of key floral genes (e.g., ADO1, COL5) 

was not performed, which would strengthen their causal link to 

morphological traits. Future work addressing these aspects will 

further advance our understanding of Madhuca evolution and 

conservation.
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CAFÉ (v5.0) De Bie et al.69 https://www.iresearchgroup.com/cafe/

(Continued on next page)

iScience 29, 115480, April 17, 2026 e1 

iScience
Article

ll
OPEN ACCESS

https://ngdc.cncb.ac.cn/gsub/submit/bioproject/PRJCA057057/overview
https://github.com/OpenGene/fastp
https://github.com/gmarcais/Jellyfish
https://github.com/schatzlab/genomescope
https://github.com/chhylp123/hifiasm
https://github.com/broadinstitute/pilon
https://github.com/shendurelab/LACHESIS
https://github.com/tangerzhang/ALLHiC
https://github.com/theaidenlab/3d-dna
https://github.com/lh3/bwa
https://github.com/KorfLab/CEGMA_v2
https://busco.ezlab.org/busco_v4.html
https://services.healthtech.dtu.dk/services/RNAmmer-1.2/
https://services.healthtech.dtu.dk/services/RNAmmer-1.2/
http://lowelab.ucsc.edu/tRNAscan-SE/
http://rfam.xfam.org/
https://tandem.bu.edu/trf/home
https://github.com/oushujun/LTR_FINDER
https://genometools.org/
https://github.com/LiLabAtVT/DeepTE
https://github.com/Kapeel/Helitron
http://www.repeatmasker.org/
https://www.repeatmasker.org/RepeatProteinMask.html
https://www.repeatmasker.org/RepeatProteinMask.html
https://github.com/DaehwanKimLab/hisat2
https://github.com/gpertea/stringtie
https://github.com/lh3/miniprot
http://bioinf.uni-greifswald.de/augustus/
https://github.com/EVidenceModeler/EVidenceModeler/wiki
https://github.com/EVidenceModeler/EVidenceModeler/wiki
https://www.earlham.ac.uk/mikado
https://github.com/bbuchfink/diamond
http://circos.ca/
http://www.iqtree.org/
https://github.com/abacus-gene/paml/releases/tag/v4.10.8
https://github.com/abacus-gene/paml/releases/tag/v4.10.8
https://www.orthomcl.org/
http://www.drive5.com/muscle/
https://www.iresearchgroup.com/cafe/


EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant materials

Fresh leaves of M. hainanensis, flowers of M. hainanensis, M. pasquieri , and M. longifolia were collected in Guangzhou (N 23◦9΄28}, E 

113◦21΄12} ), Guangdong Province, China. Flowers of three Madhuca species were sampled at three developmental stages for 

transcriptome sequencing, namely: Bud exposure stage (S1), Full bloom stage (S2), and Late bloom stage (S3)(Figure 1). Each 

stage included three replicates of ten flowers. Samples were wrapped in aluminum foil, flash-frozen in liquid nitrogen, and stored 

at -80◦C.

METHOD DETAILS

Floral morphology and pollen scanning electron microscope

Flowers from the three Madhuca species were dissected and photographed to observe morphological divergence. Fresh pollen from 

healthy flower buds was collected, air-dried, and sputter-coated with gold using an EM ACE600 vacuum coater (Leica, Hessian, 

GER). Pollen samples were then examined using an EVO MA 15 scanning electron microscope (ZEISS, Oberkochen, and GER, 

respectively) to capture representative images of pollen grains, including polar view, equatorial view, and exine ornamentation.75 Pol

len grain measurements (polar axis length P and equatorial axis length E) were taken using SmartSEM software,76 with ten pollen 

grains measured per species and reported as mean ± standard error.

Genomic sequencing, RNA-Seq and Hi-C

Genomic DNA was extracted from 5 g of fresh young leaves of M. hainanensis using the CTAB method. The DNA quality was as

sessed using a Qubit Fluorometer (Thermo Fisher Scientific, Waltham, MA), a Nanodrop 2000 spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA), and 1% agarose gel electrophoresis. Only high-quality DNA was used for subsequent library construction 

and sequencing. PacBio HiFi Sequencing: High-quality DNA was sheared into 8-10 kb fragments, end-repaired, and ligated to 

SMRTbell adapters. Sequencing was performed on the PacBio platform. Illumina Sequencing: DNA was sonicated, end-repaired, 

adapter-ligated, PCR amplified, and purified. Library quality was checked using an Agilent 2100 (Agilent, Santa Clara, CA) bio

analyzer and real-time PCR. Sequencing was performed on the Novaseq 6000 system with a PE150 strategy, and data were pro

cessed with fastp (v0.18.0)36 to obtain clean reads. High-throughput chromosome conformation capture (Hi-C) Sequencing: Cells 

were cross-linked, lysed, digested with restriction enzymes, and the DNA was ligated and purified. Sequencing was performed 

on the Illumina HiSeq X Ten platform with a PE150 strategy. Genome size was estimated using K-mer analysis with jellyfish 

(v2.2.6)37 and GenomeScope (v1.0.0) based on PacBio sequencing data.38

Genome assembly and annotation

Genome Assembly: HiFi reads were assembled using Hifiasm (v0.15.1-r334),39 and the assembly was polished using Illumina data 

with Pilon.40 Hi-C Assisted Assembly: Hi-C interaction data were used to anchor scaffolds to chromosomes using Lachesis (v2.1),41

Allhic (v0.9.8),42 and 3D-DNA (v180114).43 Quality Assessment: The assembly quality was evaluated using BWA (v0.7.15)44 for 

sequence consistency, and CEGMA (v2.5)45 and BUSCO (v4)46 for sequence completeness.

Note: the following genome assembly and polishing pipeline refers to M. hainanensis. Genomic resources for M. pasquieri and 

M. longifolia were obtained as described above and were used only for downstream comparative analyses.

For comparative analyses, assembly and annotation statistics of M. pasquieri and M. longifolia were obtained from their published 

genome resources and summarized alongside M. hainanensis (Table 1).

Clarification: the chromosome-level assembly workflow described below was performed for M. hainanensis. The M. longifolia 

genome assembly was obtained from the published resource (cited in the manuscript), and the M. pasquieri assembly was generated 

by our research group but has not yet been presented in a standalone publication; both were included here solely for comparative 

analyses and are provided with appropriate data attribution in Data and Code Availability.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

KaKs Calculator (v2.0) Zhang et al.70 https://ngdc.cncb.ac.cn/biocode/tools/BT000001

RSEM (v1.3.3) Li and Dewey71 https://github.com/deweylab/RSEM

STEM (v1.3.13) Ernst and Bar-Joseph72 http://www.cs.cmu.edu/∼jernst/stem/

MEGA X (v2018 ) Kumar et al.73 https://www.megasoftware.net/

DESeq2 (v1.46.0) Love et al.74 https://bioconductor.org/packages/ 

release/bioc/html/DESeq2.html
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Genome annotation

Non-coding RNA Annotation: Non-coding RNAs were predicted using RNAmmer (v1.2)47 for rRNA, tRNAscan-SE (v2.0)48 for tRNA, 

and Rfam (v13)49 for sRNA and miRNA. Repeat Sequence Annotation: Tandem repeats were identified with TRF (v4.09),50 and 

dispersed repeats were detected using LTR_FINDER(v1.07),51 LTR_harvest (v1.6.2),52 DeepTE,53 HelitronScanner (v1.0).54 And Re

pLoc.77 RepeatMasker (v4.0.6)55 and RepeatProteinMask56 were used for further identification.

Protein-Coding Gene Annotation: Protein-coding genes were predicted using RNA-seq data with HISAT257 and Stringtie58 for tran

script assembly, and homology-based predictions with miniprot.59 De novo prediction was performed using Augustus60 and SNAP,78

and results were integrated with EVM.61 Final gene models were refined using Mikado.62

Functional Annotation: Predicted genes were functionally annotated using Diamond63 against NCBI non-redundant protein data

base (NR), clusters of orthologous groups for eukaryotic complete genomes (KOG), SwissProt, and Kyoto encyclopedia of genes and 

genomes (KEGG) databases, with Gene Ontology (GO) annotation done using eggNOG-mapper79 and eggNOG.80 Visualization of 

genome features for M. hainanensis was performed using Circos software (v0.69-3).64

Demographic history of M. hainanensis

Demographic history was inferred using Pairwise Sequentially Markovian Coalescent (PSMC) analysis with Illumina sequencing data, 

assuming a generation time of approximately 25 years and a mutation rate of 3.39×10-9.81

Comparative phylogenomics and whole genome duplication analysis

Phylogenetic analysis and divergence time estimation

Single-copy orthologous genes were identified across the selected plant species using DIAMOND (v2.1.18)63 with the sensitive 

mode. Multiple sequence alignments were performed for each orthologous gene set, and concatenated alignments were used to 

construct a maximum-likelihood phylogenetic tree using IQ-TREE (v1.6.3). The best-fitting substitution model was determined as 

GTR+F+R4 according to the Bayesian Information Criterion.

Divergence times were estimated using the MCMCTree program implemented in the PAML (v4.10.8) package.66 Multiple fossil- 

and TimeTree-based calibration points were applied, with detailed calibration nodes, mean ages, and 95% confidence intervals pro

vided in Table S21.

Gene Family Analysis: Gene families of M. hainanensis, M. pasquieri, M. longifolia, and 12 other angiosperms were identified using 

DIAMOND63 and OrthoMCL.67 Single-copy orthologous genes from the 15 species were aligned using Muscle (v3.8.31).68 The phylo

genetic tree was constructed using IQ-TREE65 with the GTR+F+R4 model. Divergence times were estimated using the MCMCTree 

tool in the PAML package,66 with calibration points obtained from the TimeTree database. The expansion and contraction of gene 

families relative to the common ancestor were analyzed using the Computational Analysis of gene Family Evolution (CAFÉ) software 

(v5.0).69 Whole-Genome Duplication (WGD) events were inferred based on Ks distributions, and Synteny was analyzed using 

BLASTP, ParaAT, and KaKs Calculator.70

RNA sequencing and gene expression analysis

Total RNA was extracted from flowers at different developmental stages using the Trizol kit (Invitrogen, Carlsbad, CA, USA), and 

RNA-seq libraries were constructed using the NEBNext Ultra RNA Library Prep Kit (NEB #7530, New England Biolabs, Ipswich, 

MA, USA). Sequencing was performed on an Illumina platform, and clean data were obtained using fastp (v0.18.0).36 Differential 

gene expression analysis was performed using HISAT257 for alignment, Stringtie58 for transcript reconstruction, RSEM71 for expres

sion quantification, and DESeq274 for normalization and statistical testing. For trend analysis and data visualization of differentially 

expressed genes (DEGs), the Short Time-series Expression Miner (STEM) software was used.72 The expression data files for all DEGs 

were input into STEM, and trend analysis was conducted. GO and KEGG enrichment analyses were performed on genes within sig

nificant trends using hypothesis testing to calculate P-values, followed by FDR correction.82 A Q-value ≤0.05 was used as the 

threshold for defining significant enrichment in GO and KEGG categories.

qRT-PCR analysis

Homologous genes were identified using Protein-Protein BLAST (v2.6.0), multiple sequence alignments were performed with MEGA 

X,73 and phylogenetic trees were constructed. Gene expression was validated by qRT-PCR using HiScript® Q RT SuperMix (R123- 

01) and QuantStudioTM 5 Real-Time PCR System (Applied Biosystems). Reference genes for M. pasquieri, M. hainanensis, and 

M. longifolia were Mapa01G00002908, mikado.Chr_08G1687, and mikado.Chr_01G1533, respectively. qRT-PCR data were 

analyzed using the 2-ΔΔCt method to calculate the relative expression levels of genes at different developmental stages.

QUANTIFICATION AND STATISTICAL ANALYSIS

Differential expression analysis

Differential expression analysis was performed using DESeq2 with multiple-testing correction; genes and functional terms were 

considered significant at FDR < 0.05 unless otherwise specified.
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qRT-PCR data analysis

Statistical significance for qRT-PCR data was determined by one-way ANOVA followed by Tukey’s post-hoc test, with P < 0.05 

considered significant (different letters indicate significant differences).
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