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A near telomere-to-telomere 
chromosome-level genome 
assembly of Rhodiola yunnanensis 
(Crassulaceae)
Mingcheng Wang1,2, Panyue Du3, Chengheng Tong4,5, Jinyi Zhao5,6, Xinrui Song4,5 & 
Ning Miao4,5 ✉

Rhodiola yunnanensis (Crassulaceae) is an endemic medicinal plant species distributed in the 
Hengduan Mountains of southwestern China. Here, we present a high-quality and near telomere-to-
telomere chromosome-level genome assembly of R. yunnanensis generated using Oxford Nanopore 
long-read sequencing and Hi-C scaffolding. The assembled genome spans 643.28 Mb with a contig 
N50 of 51.92 Mb, and 98.46% of the sequence was anchored to 11 pseudo-chromosomes, eight of 
which contained no internal gaps in the current assembly. Benchmark analyses revealed a BUSCO 
completeness of 97.46%, while the LTR Assembly Index (LAI) score achieved 20.50, both suggesting 
a high level of assembly quality. Telomeric repeat motifs were detected at both ends of 10 pseudo-
chromosomes, and centromeric regions were identified on all 11 chromosomes. We predicted 36,495 
protein-coding genes, 94.16% of which were functionally annotated, together with 1,643 transcription 
factors and 6,429 non-coding RNAs. This high-quality genome provides a valuable resource for studying 
alpine adaptation, specialized metabolite biosynthesis, and evolutionary diversification in Rhodiola and 
other high-altitude plants.

Background & Summary
The genus Rhodiola L. (Crassulaceae) currently comprises more than 70 accepted species according to the GBIF 
Backbone Taxonomy (https://www.gbif.org/), most of which (approximately 90%) are distributed in alpine and 
subalpine regions of China1. Rhodiola species are perennial herbaceous or subshrub plants, typically charac-
terized by thick, fleshy rhizomes and succulent leaves, which enable them to survive and adapt to harsh alpine 
environments2,3. Their rhizomes accumulate a wide range of bioactive compounds, among which salidroside 
and rosavin are the most characteristic and pharmacologically significant constituents4. Due to these bioactive 
compounds, Rhodiola species have been widely utilized in both traditional and modern medicine, particularly 
R. rosea5, which is commonly known as “Tibetan ginseng.” The biosynthetic pathways of salidroside and rosavin 
have been extensively investigated and applied in the field of synthetic biology6–9. However, the contents of these 
compounds vary greatly among Rhodiola species10, and the molecular mechanisms underlying these variations 
remain largely unresolved.

Ecologically, Rhodiola species have evolved strong tolerance to cold, ultraviolet radiation, and hypoxia, making 
them excellent models for studying the genetic basis of high-altitude adaptation. In addition, the rapid radiation 
and diversification of Rhodiola have been largely driven by the uplift of the Qinghai-Tibet Plateau11. The overlapping 
geographic distributions among species make this genus a model system for investigating speciation and adaptive 
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evolution12,13. Moreover, due to excessive harvesting, habitat degradation, and threats from climate change, several 
Rhodiola species have been listed as Class II nationally protected plants in China14. Genome sequencing not only 
provides an opportunity to explore the molecular mechanisms underlying their adaptive traits and evolutionary 
history15 but is also of great importance for their conservation and sustainable utilization16. However, to date, only 
a draft genome of R. crenulata17 and a few chromosome-level assemblies from other Rhodiola species18,19 have been 
published, which remain insufficient to address these biological and conservation-related questions.

R. yunnanensis, an endemic and medicinally essential species native to the Hengduan Mountains of south-
western China, is a crucial component of the alpine flora in this biodiversity hotspot. In this study, we gener-
ated a high-quality and near telomere-to-telomere genome assembly of R. yunnanensis using Oxford Nanopore 
Technologies (ONT) long-read sequencing combined with Hi-C scaffolding. We further performed comprehen-
sive and high-quality genome annotation, providing a solid foundation for downstream functional and compara-
tive analyses. This chromosome-scale genome offers a valuable resource for elucidating the molecular mechanisms 
underlying alpine adaptation and specialized metabolite biosynthesis in the genus Rhodiola. Moreover, it enables 
the identification of key functional genes, the discovery of novel biosynthetic gene clusters, and the exploration of 
potentially new bioactive compounds. Additionally, this high-quality genome provides a crucial genomic resource 
for investigating speciation, diversification, and comparative genomics in Rhodiola plants.

Methods
Plant sample preparation.  Fresh leaves of R. yunnanensis were collected near the Dengsheng Protection 
Station, Wenchuan County, Sichuan Province, southwest China (30.8843° N, 102.9744° E; altitude 3,428 m; 
Fig. 1A). The leaves were rinsed with distilled water, immediately frozen in liquid nitrogen, and stored at –80 °C 
for subsequent DNA extraction. For RNA sequencing (RNA-seq), additional leaf, stem, and fruit tissues from the 
same individual were also collected, flash-frozen in liquid nitrogen, and stored at –80 °C.

Genome survey.  High-quality genomic DNA was extracted using the CTAB method20, assessed for 
purity and integrity, fragmented, end-repaired, and adapter-ligated for library construction. The libraries were 
sequenced on the DNBSEQ-T7 platform (MGI Tech Co., Ltd., Shenzhen, China), yielding 56.80 Gb of paired-end 
reads (Table 1). The 21-mer frequency distribution of the DNBSEQ-T7 clean reads was analyzed using Jellyfish 
v1.1.1221, producing a total of 48,994,969,975 k-mers with a major peak at a depth of 80 and a heterozygous peak 
at 39 (Fig. 1B). The haploid genome size was estimated by dividing the total number of k-mers by the depth of 
the major peak, yielding an estimated genome size of approximately 612.44 Mb. The heterozygosity rate, calcu-
lated based on the proportion of k-mers under the heterozygous peak relative to the total distinct k-mers and 
adjusted for k-mer length, resulted in an overall rate of approximately 1.65%. Informed by these survey results, 
we designed an assembly strategy integrating ONT reads for contig generation, followed by redundant haplotype 
removal and high-coverage Hi-C-based chromosome anchoring.

Species identification confirmation.  To confirm the species identity of the sequenced individual, the 
complete chloroplast genome was assembled from the DNBSEQ-T7 reads using GetOrganelle v1.7.7.122 with 

Fig. 1  Genome survey of R. yunnanensis. (A) Photograph of the R. yunnanensis individual sequenced in this 
study. (B) The 21-mer frequency distribution of the DNBSEQ-T7 reads, showing the major homozygous peak 
at depth 80 and the heterozygous peak at depth 39. The genome size was estimated by dividing the total number 
of k-mers by the depth of the homozygous peak, while the heterozygosity rate was calculated based on the 
proportion of k-mers under the heterozygous peak.

Data type Usage Tissue Number of reads Total data (Gb) Genome coverage (×)

DNBSEQ-T7 Genome survey Leaf 189,317,334 56.80 92.74

Oxford Nanopore Genome assembly Leaf 2,904,025 42.84 69.95

DNBSEQ-T7 Hi-C scaffolding Young leaf 553,118,396 82.97 135.47

RNA-seq (Total) Gene prediction — 126,270,106 18.92 —

RNA-seq Leaf 42,946,846 6.43 —

RNA-seq Stem 38,323,222 5.74 —

RNA-seq Fruit 45,000,038 6.74 —

Table 1.  Overview of DNA and RNA sequencing data generated in this study.
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default parameters. The assembled chloroplast genome was then compared with the previously published  
R. yunnanensis chloroplast genome (GenBank accession number: MN794332.1) and those of other representative 
Rhodiola species available in GenBank. Phylogenetic analysis was performed based on the protein sequences 
of single-copy genes using MAFFT-LINSI v7.31323 for multiple sequence alignment and RAxML v8.2.1124 for 
maximum likelihood phylogeny reconstruction under the GTRGAMMA model with 1000 bootstrap replicates. 
The resulting phylogenetic tree placed our sample in the same clade as the reference R. yunnanensis with 100% 
bootstrap support, confirming the species identification.

Genome assembly.  For ONT sequencing, high-quality genomic DNA was extracted using a modified CTAB 
method20. DNA purity and concentration were assessed using a Nanodrop spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA), and DNA integrity was evaluated by agarose gel electrophoresis. Library prepara-
tion was performed using the SQK-LSK114 ligation sequencing kit (Oxford Nanopore Technologies, Oxford, UK) 
according to the manufacturer’s instructions. Briefly, high-molecular-weight DNA fragments were size-selected using 
magnetic beads, followed by damage repair, end repair, and adapter ligation. The final library was purified using mag-
netic beads and quantified with a Qubit fluorometer (Invitrogen, Carlsbad, CA, USA). The library was then loaded 
onto an R10.4.1 flow cell and sequenced on the PromethION platform (Oxford Nanopore Technologies, Oxford, UK).

Nanopore raw reads were filtered to remove adapters and low-quality sequences, resulting in 42.84 Gb of clean 
reads (69.95 × coverage, N50 = 23.46 kb; Table 1). The ONT reads were de novo assembled using hifiasm v0.25.025 
with the parameters “-l 3–hom-cov 70” under ONT mode. To generate a non-redundant haploid representation 
of the genome, potential duplicated haplotypes were identified and removed from the initial assembly using Purge 
Haplotigs v1.1.326 with the following parameters: “-l 30 -m 50 -h 100”. Subsequently, the chloroplast and mitochon-
drial genomes assembled from the DNBSEQ-T7 reads using GetOrganelle were aligned to the haplotype-purged 
assembly using BLASTN v2.16.027 to identify and remove organelle-derived contigs. The ONT reads were then 
aligned to the remaining contigs using minimap2 v2.2928, followed by two iterative rounds of polishing with Racon 
v1.5.029 to improve the assembly accuracy. Finally, the DNBSEQ-T7 reads were aligned to the polished assembly 
and used for further error correction with NextPolish v1.4.130. After these steps, the polished draft genome assem-
bly represents a non-redundant haploid primary assembly, with alternate haplotypes removed, and consisted of 
144 contigs, with a total length of 643.28 Mb, a contig N50 of 51.92 Mb, and a maximum contig length of 74.02 Mb.

To perform Hi-C scaffolding analysis, Hi-C libraries were prepared from approximately 2 g of young leaves 
through chromatin fixation, restriction digestion, biotin labeling, ligation, and DNA purification. They were 
subsequently sequenced on the DNBSEQ-T7 platform. A total of 82.97 Gb of Hi-C reads (135.47 × coverage; 
Table 1) were generated and aligned to the draft assembly using BWA v0.7.1831 with the parameters “bwa mem 
-5SP”. Duplicate reads were identified and marked using Samblaster v0.1.2632, and duplicate, low-quality, sec-
ondary, and supplementary alignments were filtered out using Samtools v1.333 with the parameter “view -F 
3340”. The filtered BAM files were subsequently used for chromosome-level scaffolding with HapHiC v1.0.634 
to anchor and orient contigs into 11 pseudo-chromosomes, which includes algorithms to identify and correct 
potential misassemblies. Hi-C contact maps were then visualized using Juicebox v2.12.0035 to manually inspect 
the assembly and confirm the accuracy of contig placements and orientations. In total, 98.46% (633.37 Mb) of 
the genome sequences were anchored to 11 pseudo-chromosomes, ranging from 43.19 Mb (Chr11) to 97.95 Mb 
(Chr01) (Fig. 2A; Table 2). Eight pseudo-chromosomes contained no internal gaps, while Chr01 and Chr08 
contained two gaps each, and Chr02 harbored ten gaps. The final assembly demonstrated outstanding contigu-
ity, with contig and scaffold N50 values of 51.92 Mb and 54.63 Mb, respectively (Fig. 2B; Table 3). Although no 
genome size or chromosome number has been previously reported for R. yunnanensis, the assembled genome 
size (643.28 Mb) falls within the diploid Rhodiola range (345–654 Mb)17,18. Notably, both the chromosome 

Fig. 2  Chromosome-level genome features of R. yunnanensis. (A) Hi-C interaction heatmap of the 11 
chromosomes of R. yunnanensis at a 500-kb resolution. (B) Circos plot showing genome features from outer to 
inner circles: GC content, repeat sequence density, LTR-RT density, gene density, and distribution of telomeres 
(purple) and centromeres (dark blue).
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number (2n = 22) and genome size closely match those of R. kirilowii (654 Mb, 2n = 22)18, a close relative sup-
ported by phylogenetic evidence12, further validating the consistency of our assembly.

Genome annotation.  Repetitive elements within the final assembly of R. yunnanensis were identified using 
RepeatModeler v1.0.836 and RepeatMasker v4.0.537. A comprehensive repeat library was first constructed by 
combining the green plant repeat dataset from the Repbase database v22.1138 with a de novo library generated by 
RepeatModeler. This custom library was then used by RepeatMasker to perform genome-wide identification and 
classification of repetitive sequences. A total of 449.57 Mb, accounting for 69.89% of the R. yunnanensis genome, was 
identified as repetitive sequences (Table 4). Among them, long terminal repeat retrotransposons (LTR-RTs) were the 
most abundant, occupying 297.55 Mb (46.25%) of the genome. The remaining repetitive elements comprised unclas-
sified sequences (102.29 Mb), DNA transposons (33.14 Mb), long interspersed nuclear elements (LINEs; 16.72 Mb), 
short interspersed nuclear elements (SINEs; 0.15 Mb), and other minor repeat types totaling 2.30 Mb (Table 4).

Then, we performed annotation of protein-coding genes (PCGs) based on the repeat-masked genome using 
three complementary approaches. First, total RNA was extracted from all fresh tissues. High-quality RNA was 
used to construct mRNA-seq libraries according to the standard protocol for oligo(dT)-based mRNA enrich-
ment. Sequencing was performed on the DNBSEQ-T7 platform, yielding a total of 18.92 Gb of RNA-seq data 
(Table 1). The RNA-seq reads were de novo assembled into transcripts using Trinity v2.8.439, and the assembled 

Chromosome Length (bp) Genes Centromere (bp) Left telomere (bp) Right telomere (bp)

Chr01 97,946,844 4,027 25,285,061–32,568,642 3–7,128 74,004,206–74,018,478

Chr02 73,796,112 4,807 43,963,240–50,305,690 1,088–10,082 68,084,218–68,095,466

Chr03 65,166,032 3,039 17,326,407–26,722,491 16,024,913–16,025,010 65,152,444–65,155,838

Chr04 54,881,975 3,032 36,311,684–43,257,855 2,757–5,787 54,866,608–54,875,917

Chr05 54,634,982 3,436 36,532,963–42,993,357 5,490–11,873 54,624,529–54,634,979

Chr06 51,923,441 3,292 31,200,640–35,055,158 893–5,225 51,902,078–51,909,721

Chr07 50,517,994 2,689 30,400,581–32,592,782 3,765–7,999 50,507,642–50,513,633

Chr08 47,631,670 2,660 24,102,057–27,714,362 7–10,198 47,625,529–47,631,667

Chr09 47,153,315 3,101 29,894,086–36,331,335 1,420–22,986 47,130,985–47,148,218

Chr10 46,534,287 2,964 29,075,855–33,267,312 7–3,702 46,521,171–46,527,673

Chr11 43,185,641 2,749 11,326,735–15,917,995 226–6,000 —

Total 633,372,293 35,796 — — —

Table 2.  Detailed statistics of the 11 pseudo-chromosomes in the R. yunnanensis genome.

Assembly

Estimated genome size (Mb) 612.44

Total length (Mb) 643.28

Number of pseudo-chromosomes 11

Total length of pseudo-chromosomes (Mb) 633.37

Number of contigs 144

Number of scaffolds 130

Number of gaps 14

Contig N50 (Mb) 51.92

Scaffold N50 (Mb) 54.63

Longest contig (Mb) 74.02

Shortest contig (bp) 35,038

LTR assembly index 20.50

BUSCO completeness (%) 97.46

Annotation

GC content (%) 41.16

Repeat content (%) 69.89

Number of protein-coding genes 36,495

Average gene length (bp) 2,097

Average coding sequence length (bp) 1,110

Average exon length (bp) 209

Average intron length (bp) 228

Functionally annotated genes 34,365

BUSCO completeness (%) 94.93

Table 3.  Global statistics for the R. yunnanensis genome assembly and annotation.
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transcripts were aligned back to the genome using PASA v2.3.340 to predict gene structures based on tran-
script alignments. Second, protein sequences from several closely related or representative species, including 
Rhodiola crenulata17, R. kirilowii19, Sedum album41, Kalanchoe fedtschenkoi42, Malus domestica43, and Arabidopsis 
thaliana44, were aligned to the R. yunnanensis genome using TBLASTN v2.16.025. GeneWise v2.4.145 was sub-
sequently applied to generate accurate gene models based on these protein alignments. Third, high-quality 
gene models containing at least three exons and with total lengths greater than 1,500 bp were selected from the 
PASA predictions and used to train species-specific parameters for R. yunnanensis in AUGUSTUS v3.2.346. A 
de novo gene prediction was then performed using AUGUSTUS with the pre-trained parameters. Finally, gene 
models derived from the three approaches were integrated into a consensus, non-redundant gene set using 
EvidenceModeler v1.1.147, with all resulting gene models retained without additional filtering based on gene 
length or exon number.

We predicted a total of 36,495 PCGs in the R. yunnanensis genome, of which 35,796 (98.08%) were anchored 
to the 11 pseudo-chromosomes (Table 2), corresponding to an average gene density of 56.5 genes per Mb. The 
predicted genes exhibited average transcript, coding sequence, exon, and intron lengths of 2,097 bp, 1,110 bp, 
209 bp, and 228 bp, respectively, with an average of 5.32 exons per gene (Table 3). To validate the predicted gene 
structures, RNA-seq reads from leaf tissue were aligned to the genome using HISAT2 v2.2.148. Splice junctions 
were extracted using RegTools v1.0.049 with the parameters “-a 8 -m 50 -M 500000”. Of the 157,134 predicted 
introns, 143,948 (91.60%) were supported by at least one junction read, indicating high reliability of the pre-
dicted exon-intron boundaries. To assess potential contamination by transposable elements (TEs), we examined 
the overlap between predicted genes and annotated repeat regions. A total of 6,175 genes (16.92%) overlapped 
with repeat regions. Of these, 3,938 genes (63.77%) were supported by at least five RNA-seq reads, and 5,808 
genes (94.06%) were functionally annotated(see below), indicating that the majority of repeat-overlapping 
genes are actively transcribed and encode functional protein domains. Furthermore, 6,799 genes (18.63% of 
all PCGs) contained TE-related domains (e.g., reverse transcriptase, integrase, transposase). Among these 
TE-domain-containing genes, 5,937 (87.32%) were supported by at least five RNA-seq reads, and 6,262 genes 
(92.10%) contained non-TE functional domains. Collectively, these analyses demonstrate the robustness of the 
gene annotation against TE contamination, with the majority of repeat-overlapping and TE-related genes show-
ing evidence of expression and functional significance. A total of 1,643 transcription factor genes belonging to 
57 subfamilies were annotated using PlantTFDB v5.050, with members of the MYB (157; 9.6%), bHLH (147; 
8.9%), and NAC (92; 5.6%) families representing the largest groups (Fig. 3). Furthermore, functional annota-
tion of all PCGs was performed by aligning their protein sequences against several publicly available databases, 
including Swiss-Prot, TrEMBL51, InterPro52, Gene Ontology (GO)53, and the Kyoto Encyclopedia of Genes and 
Genomes (KEGG)54. Overall, 29,454 (80.71%) genes were functionally annotated by the Swiss-Prot and TrEMBL 
databases, 33,508 (91.80%) genes contained conserved domains identified by InterProScan, 27,576 (75.56%) 

Type Count Total length (bp) % of genome

DNA transposons 51,415 33,140,428 5.15

LINEs 27,033 16,717,124 2.60

SINEs 645 145,599 0.02

LTR-RTs 242,388 297,546,415 46.25

Satellites 1,572 477,461 0.07

Simple repeats 8,360 1,819,041 0.28

Low complexity 46 5,887 0.00

Unclassified 170,647 102,287,843 15.90

Total 502,106 449,566,676 69.89

Table 4.  Composition and distribution of repetitive elements in the R. yunnanensis genome.

Fig. 3  Distribution of the top 30 transcription factor families identified in the R. yunnanensis genome.
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genes were assigned to GO terms, and 9,923 (27.19%) genes were mapped to KEGG pathways (Table 5). In 
addition, we identified a total of 494 tRNAs using tRNAscan-SE v2.0.1255, and 87 miRNAs, 4,500 rRNAs, and 
1,348 snRNAs using the cmscan program of Infernal v1.1.556 by searching against the Rfam database57 (Table 6).

Data Records
The genome assembly and raw sequencing data of R. yunnanensis have been deposited in the NCBI database 
under BioProject accession PRJNA135356858. The genome assembly is available in GenBank under accession 
number JBVKEA00000000059. The DNBSEQ-T7, ONT, and Hi-C data are accessible in the Sequence Read 
Archive (SRA) under accession numbers SRR3588959460, SRR3588883061, and SRR3589636962, respectively. 
The RNA-seq data have been deposited in the SRA under accession numbers SRR35896530–SRR3589653263–65. 
Additionally, the final genome assembly and annotations are available in Figshare66.

Technical Validation
The quality of the final R. yunnanensis genome assembly was assessed using four complementary approaches. 
First, the DNBSEQ-T7 reads generated for genome survey analysis were mapped to the assembly using 
BWA-MEM31, achieving a mapping rate of 96.22%. The assembly showed a genome coverage of 98.46%, with 
97.60% of the genome covered at a depth of at least 20×. Second, BUSCO analysis (v5.8.2)67 was performed 
against the Embryophyta odb10 database. The genome assembly showed 97.46% complete BUSCOs (88.29% 
single-copy and 9.17% duplicated), with 1.05% fragmented and 1.49% missing. The annotated gene set showed 
94.93% complete BUSCOs (87.31% single-copy and 7.61% duplicated), with 2.35% fragmented and 2.72% miss-
ing. Third, an LTR Assembly Index (LAI) score of 20.50 was obtained using LTR_retriever v3.0.168, suggesting a 
high-quality assembly (Table 3). In addition, we examined the distribution of Arabidopsis-type telomeric repeats 
(TTTAGGG)_n and found that 10 out of the 11 pseudo-chromosomes possessed telomeric sequences at both 
ends, whereas Chr11 lacked telomeric repeats at one end (Fig. 2B; Table 2). Furthermore, quarTeT analysis 
(v1.2.5)69, which identifies centromeres based on the enrichment of tandem repeats and LTR-RTs while integrat-
ing repeat and gene annotations, predicted putative centromeric regions on all 11 pseudo-chromosomes (Fig. 2B; 
Table 2). Finally, Merqury analysis (v1.3)70 showed a QV of 31.60 and an error rate of 0.07%, indicating high accu-
racy in the genome assembly. The k-mer completeness was 84.76%, likely due to the high repeat content (69.89%) 
and heterozygosity (1.65%) of the R. yunnanensis genome, which can reduce k-mer representation in short-read 
data. Overall, these evaluations support the high-quality and near-complete nature of the R. yunnanensis  
genome assembly.

Data availability
The genome assembly of Rhodiola yunnanensis is available in GenBank under accession number 
JBVKEA000000000. All associated sequencing data are available under NCBI BioProject PRJNA1353568. The final 
genome assembly and annotation files are available on Figshare at https://doi.org/10.6084/m9.figshare.30556088.

Number of genes Percentage (%)

Total 36,495 —

Annotated 34,365 94.16

  InterPro 33,504 91.80

  KEGG 9,923 27.19

  SwissProt 21,700 59.46

  TrEMBL 29,413 80.59

  GO 27,576 75.56

Unannotated 2,130 5.84

Table 5.  Functional annotation statistics of R. yunnanensis genes.

Type Number Average length (bp) Total length (bp)

tRNA 494 74.07 36,590

miRNA 87 120.92 10,520

rRNA 4,500 1,402.47 6,311,115

  28S 1,302 3,037.28 3,954,538

  18S 1,180 1,759.82 2,076,590

  5.8S 1135 154.96 175,881

  5S 883 117.90 104,106

snRNA 1,348 110.90 149,497

  CD-box 1,094 105.28 115,174

  HACA-box 38 126.76 4,817

  Splicing 216 136.60 29,506

Table 6.  Non-coding RNA annotation statistics of R. yunnanensis.
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