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Chromosomal-level genome 
assembly of the autotetraploid 
Anoectochilus roxburghii 
(Jinxianlian, Orchidaceae)
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Xiangjun Kong3 ✉ & Yingxiong Qiu1 ✉

Anoectochilus roxburghii (Orchidaceae), commonly known as Jinxianlian, is a highly valued traditional 
Chinese herbal medicine. Here, we present a high-quality chromosome-level genome assembly of the 
cultivar ‘Jinkang No.1’. Genome survey analyses suggest that the cultivar is an autotetraploid. The 
assembled genome spans 5.17 Gb, with a contig N50 of 24.90 Mb, and 93.4% (4.82 Gb) is anchored onto 
80 pseudo-chromosomes across 20 homologous groups. Annotation of the genome assembly identifies 
76.42% repetitive elements and 88,106 protein-coding genes, with 94.6% of these genes functionally 
annotated. Ks analysis of collinear gene pairs indicates a recent species-specific polyploidization 
event, likely resulting in autotetraploidization. This reference genome provides a valuable resource 
for functional genomics, evolutionary biology, and molecular breeding studies of A. roxburghii and its 
related species.

Background & Summary
Anoectochilus roxburghii (Orchidaceae), commonly known as Jinxianlian, is a perennial herb widely distributed 
across the tropical and subtropical regions of Asia1,2. It is a highly valued traditional Chinese medicine that has 
been widely utilized as a tonic and health food in China for nearly a thousand years2. A. roxburghii is renowned 
for its unique pharmacological activities, including hepatoprotection, antihyperliposis, antihyperglycemia, and 
antiosteoporosis3,4. Empirical studies have identified kinsenoside, flavonoids and alkaloids as the primary bio-
active constituents in A. roxburghii and its related species5,6. However, the content of these bioactive constituents 
varies greatly among different Anoectochilus species, leading to differences in therapeutic efficacy and qual-
ity7. Accurate identification of Anoectochilus species due to their highly similar morphological and anatomical 
characteristics7. Moreover, despite their medicinal importance, the molecular mechanisms underlying the bio-
synthesis of the major bioactive compounds remain largely unexplored6,8. A high-quality reference genome is 
essential for elucidating the genomic architecture and molecular pathways underlying bioactive compound syn-
thesis, as well as for developing molecular markers to enable precise species identification within Anoectochilus. 
To date, no whole genome sequences of Anoectochilus species have been reported, representing a significant gap 
in both fundamental and applied research.

In this study, we present the first high-quality chromosome-level genome assembly of A. roxburghii, gener-
ated using a combination of the Pacific Biosciences (PacBio) high-fidelity (HiFi) long reads, high-throughput 
chromosome conformation capture (Hi-C) reads, and Illumina short-read sequencing reads (Table 1). The final 
assembly spans 5.17 Gb, with a contig N50 of 24.90 Mb (Table 2), representing not only the first genome for 
any Anoectochilus species, but also the largest orchid genome assembled to date9–11. A total of 4.82 Gb of con-
tig sequences were anchored onto 80 pseudo-chromosomes across 20 homologous groups (Table 2). Genome 
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annotation predicted approximately 3.95 Gb of repetitive sequences, 88,106 protein-coding genes and 153,489 
non-coding RNA genes (Table 2). This reference genome provides a valuable resource for molecular marker 
development and future evolutionary, ecological, and functional genomic studies in Anoectochilus.

Methods
Sample collection and genome sequencing.  For whole-genome sequencing, we followed the proto-
col of Piet et al.12 to minimize endoreplication-induced variability and exclusively collected fresh young leaves 
from a tissue-cultured individual of the cultivar ‘Jinkang No.1’, cultivated at the Jinhua Academy of Agricultural 
Sciences in Jinhua City, Zhejiang Province, China. Genomic DNA was extracted from young leaves using the 
modified CTAB method13. A short-read library was first generated using the NEB Next® Ultra™ DNA Library 
Prep Kit for Illumina (NEB, USA), following the manufacturer’s recommended protocol. Paired-end (PE) reads 
(150 bp) were sequenced on the Illumina NovaSeq 6000 platform, yielding 205 Gb (39.68×) of raw sequences 
(Table 1) for initial genome survey. Subsequently, a PacBio HiFi SMRTbell Library was constructed using the 
SMRTbell Express Template Prep Kit 2.0 (PacBio, CA, USA). Sequencing on the PacBio Sequel II platform gener-
ated approximately 292 Gb of high-fidelity (HiFi) reads, corresponding to an average genome coverage of 56.53× 
(Table 1). Additionally, a Hi-C library was prepared according to the standard protocol14 and sequenced on the 
DNBSEQ-T7 platform (PE 150 bp). This yielded a total of 668 Gb (129.31×) of raw Hi-C data, which was subse-
quently used for chromosome-level scaffolding and assembly.

For transcriptome sequencing, four tissues (i.e. flowers, roots, stems, and leaves) were collected from the 
same individual for total RNA extraction using RNAprep Pure Plant Kit (Tiangen, Beijing). RNA-seq libraries 
were prepared using the TruSeq RNA Library Kit (Illumina, NEB) and sequenced on the Illumina NovaSeq 6000 
platform. Each tissue sample generated an average of 6.5 Gb of clean reads, which were used for gene structure 
annotation (Table 3).

libraries Total data (Gb) Sequence coverage (×)

Illumina reads 205 39.68

PacBio HiFi reads 292 56.53

Hi-C reads 668 129.31

Total 1,165 225.52

Table 1.  Summary statistics of genome sequencing data of A. roxburghii.

Item Number Size

Genome assembly

Total contigs 3,735 5,165,849,521 bp

Average contigs — 1,383,092 bp

Contig L50/N50 80 24,895,964 bp

Total scaffolds 3,452 5,165,877,821 bp

Average scaffolds — 1,496,488 bp

Scaffold L50/N50 36 60,986,586 bp

Pseudo-chromosomes 80 4,824,854,306 bp

GC content — 39.10%

BUSCO completeness of assembly — 96.00%

QV of assembly — 35.4212

Homology SNPs 746 1.5e-05%

Genome annotation

Repetitive sequences — 3,947,667,842 bp

Protein-coding genes 88,106 1,022,708,498 bp

Genes in pseudo-chromosomes 77,368 992,816,206 bp

Average gene length — 11,120 bp

Average exons per gene 4.85 —

Average exon length — 264 bp

Average intron length — 2,552 bp

miRNA 74,465 —

tRNA 36,211 —

rRNA 38,488 —

snRNA 4,325 —

BUSCO completeness of annotation — 94.60%

Table 2.  Summary statistics of assembly and annotation of the assembly genome.
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Genome survey and assembly.  Raw Illumina sequencing reads were first processed using FASTP v0.12.415 
to remove low quality reads and adapter sequences. After quality control, a total of 170 Gb of clean Illumina short 
reads were retained. K-mer frequency distributions were generated with KMC v3.016, and subsequently analyzed 
using GenomeScope v2.0 (https://github.com/tbenavi1/genomescope2.0). Based on k-mers analysis (k = 21), the 
estimated genome size of A. roxburghii was 3.79 Gb, with a heterozygosity rate of 2.57% (Fig. 1a). GenomeScope 
revealed predominantly homozygous k-mers (AAAA: 92.9%), while heterozygous patterns (AAAB: 4.38%; 
AABB: 2.19%) were consistent with expectations for an autotetraploid genome, where heterozygosity in an AAAB 
configuration is typically higher than in an AABB configuration17 (Fig. 1a). To further assess genome ploidy 
and structure, SMUDGEPLOT v0.2.4 (https://github.com/KamilSJaron/smudgeplot) was employed. This analy-
sis indicated a 1:4 minor allele ratio (B/[A + B]) and tetraploid coverage (4n = 124), with AAAB heterozygosity 
(68%) predominating over AABB (9%) (Fig. 1b). Additionally, genome ploidy was inferred using nQuire18, which 
estimates ploidy levels by modeling allele frequency distributions from reads mapped to a reference genome or 
haplotypic contigs. The statistical analysis showed that the tetraploid model had the lowest delta log-likelihood, 
strongly supporting a tetraploid genome for the cultivar ‘Jinkang No.1’ (Fig. 1c). Collectively, these findings indi-
cate that the genome of A. roxburghii ‘Jinkang No.1’ possesses a tetraploid genome, with a complex structure likely 
indicative of an autotetraploid origin.

Sample Raw Base (Gb) Clean Base (Gb) Effective (%) Error (%) Q30 (%) GC (%)

Aro-R1 6.39 6.25 97.83 0.03 94.27 44.68

Aro-L1 6.62 6.49 98.12 0.02 94.73 45.27

Aro-S1 6.58 6.45 98.05 0.02 94.38 46.41

Aro-F1 6.62 6.46 97.65 0.03 94.12 44.88

Table 3.  Summary of quality statistics for Illumina RNA-seq data.

a b

Fig. 1  Genome survey and assembly of A. roxburghii cultivar ‘Jinkang No.1’. (a) The frequency distribution of 
the 21-mers. (b) Smudgeplots for ploidy estimation. (c) Bar plots of delta log-likelihood for all fixed models 
(diploid, triploid and tetraploid), with L1 and L2 representing two subsets of the Illumina genomic sequencing 
data. (d) Hi-C heatmap showing chromatin interaction intensity across assembled pseudo-chromosomes.
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For long-read sequencing, PacBio CCS reads were filtered using CCS v.6.4.0 (https://github.com/
PacificBiosciences/ccs) (minimum length = 50, min-passes = 3, min-rq = 0.99), yielding 17,398,615 
high-quality reads. These reads were assembled by HIFIASM v0.16.119 with the “--n-hap 4” option, result-
ing in a 5.17 Gb contig-level assembly composed of 3,735 contigs and a contig N50 of 24.90 Mb. To construct 
chromosome-level scaffolds, Hi-C data were employed to cluster, order and orient the assembled contigs to 
different haplotype clusters using ALLHiC v.0.9.820 (--minREs 50 --maxlinkdensity 3 --NonInformativeRabio 
2). Clean pair-end Hi-C reads were mapped to the contig assembly using BWA 0.7.1721 with default parame-
ters. The ALLHIC_prune function was used to remove inter-allelic and weak interaction signals from BAM 
files. Contigs with strong interaction signals were grouped into the same partition using a hierarchical linkage 
algorithm, and this process was repeated until homologous chromosomes were clearly separated into distinct 
partitions. Unanchored contigs were subsequently assigned to existing partitions based on the intensities of 
their chromosomal interaction signals. Within each partition, contigs were further optimized in terms of order 
and orientation. Chromosome-level scaffolding was finalized using the built-in command of “ALLHiC_build”. 
Manual adjustments were carried out in JUICEBOX v.2.14.0022, where contigs with strong mutual interactions 
were grouped into the same cluster. Within each cluster, assembly errors such as misjoin, translocation, and 
inversion were corrected, and the chromosome boundaries were refined based on the relative strength of intra- 
versus inter-chromosomal interactions. Ultimately, 20 homologous clusters were resolved, each containing four 
homologous chromosomes, which were sorted in descending order of length. The final assembly generated a 
high-quality genome of 5.17 Gb for A. roxburghii, with 93.4% of sequences (4.82 Gb) successfully anchored to 80 
pseudo-chromosomes (Table 2; Fig. 1d).

Genome annotation and assessment.  A combined approach of homology-based alignment and de 
novo prediction was used to identify repetitive sequences. For homolog-based detection, REPEATMASKER 
(http://www.repeatmasker.org/) was used to identify sequences matching known repeats in the Repbase data-
base (http://www.girinst.org/repbase). For de novo prediction, repeat sequence libraries were constructed using 
LTR_FINDER v.1.0723, REPEATSCOUT v.1.0.524 and REPEATMODELER v.2.0.325, all with default parameters. 
Tandem repeat sequences were detected by TRF v.4.09.126. In total, 3.95 Gb repetitive sequences were predicted, 
accounting for 76.42% of the genome assembly (Table 2). Long terminal repeats (LTRs) were the predominant 
category, comprising 80.59% of all identified repetitive sequences (Table 4; Fig. 2a).

Gene structure annotation was performed using homology-based prediction, ab initio gene predic-
tion, and transcriptome-assisted prediction with repeat-masked genome sequence. For homology-based 
prediction, protein-coding sequences from Apostasia shenzhenica10 (GCA_002786265.1), Dendrobium 
nobile27 (GCA_022539455.1), Dendrobium chrysotoxum28 (GCA_019925795.1), Phalaenopsis equestris29 
(GCF_001263595.1), Vanilla planifolia30 (GCA_016413895.1), and Arabidopsis thaliana (GCF_000001735.4)31 
were downloaded from NCBI website (https://www.ncbi.nlm.nih.gov) and aligned to the assembled genome 
using TBLASTN v.2.2.26 with a threshold of E-value ≤ 1e−532. Matching proteins were then realigned to the 
genome for accurate spliced alignments using GENEWISE v2.4.133. Ab initio gene prediction was performed with 
AUGUSTUS v.3.4.034, GLIMMERHMM v.3.0.435, SNAP36 and GENEID v.1.4.437. For transcriptome-assisted 
gene prediction, RNA-seq reads from four tissues were aligned to the reference genome using HISAT v2.2.138 
with default parameters. The alignment results were then used as input to STRINGTIE v2.2.139 for transcript 
assembly. All genes predicted by the above methods were integrated using EVIDENCEMODELER v1.1.1 
(EVM)40 to produce a non-redundant gene set, which were further refined using PASA v.2.5.141 to incorporate 
untranslated regions (UTRs) and alternative splicing information. In total, 88,106 protein coding genes were 
predicted in the A. roxburghii genome, with an average gene length of 11,120 bp (Table 2).

Gene function annotation were performed by aligning predicted protein sequences against several pub-
lic databases using BLASTp (E-value ≤ 1e−5), including Swiss-Prot42, NR (FAM v.35.043, KEGG v.102.044, GO 
v.2022-03-2245 and InterPro v.88.046. As a result, 85,429 genes (96.96% of all predicted genes) were successfully 
annotated with functional information (Table 5). Transfer RNAs (tRNAs) were identified using tRNAscan-SE 
(http://lowelab.ucsc.edu/tRNAscanSE/). For ribosomal RNAs (rRNAs), sequences from closely related species 
were used as references and aligned using BLAST (E-value ≤ 1e−5). Other non-coding RNAs (ncRNAs), includ-
ing microRNAs (miRNAs) and small nuclear RNAs (snRNAs), were identified by searching the Rfam database 
using infernal with default parameters (http://infernal.janelia.org/). In total, the genome of A. roxburghii con-
tained 74,465 miRNAs, 36,211 tRNAs, 38,488 rRNAs, and 4,325 snRNAs were detected (Table 2). To assess the 
completeness of the predicted gene set, Benchmarking Universal Single-Copy Orthologs (BUSCO)47 analysis 

Type Number Length (bp) Percentage (%)

SINE 1,654 3,944,376 0.08

LINE 341,879 136,155,232 2.64

LTR 2,359,474 3,181,787,886 61.59

DNA 2,271,618 561,355,701 10.87

Unknown 143,630 46,899,890 0.91

Total — 3,947,667,842 76.42

Table 4.  Summary of repeat elements in the assembly genome. Note: Percentage indicate the proportion of 
bases in each class of repetitive sequences relative to the total genome length.
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was performed using the embryophyta_odb10 (1,614 BUSCOs), with 94.6% of conserved embryophyte genes 
successfully detected (Table 2).

Whole-genome duplication analysis.  Based on the findings of Zhang et al.10, WGDI v0.6.548 analy-
sis of synonymous substitution rates (Ks) distributions revealed three distinct peaks (Fig. 2b) through intra- 
and interspecific comparisons among A. roxburghii, A. shenzhenica, D. chrysotoxum, and Asparagus officinalis 
(GCA_001876935.1). The Ks peaks at 0.7–1.1 and 1.5 correspond to two ancient whole-genome duplication 
(WGD) events that are broadly conserved across orchids and monocots, respectively10,49. Notably, a peak around 
0.40 in A. roxburghii indicates a more recent species-specific polyploidization event, likely representing an 
autotetraploidization.

Data Records
The datasets generated in this study are deposited in public repositories to ensure accessibility and long-term 
preservation. All raw sequencing data are available under NCBI BioProject PRJNA120238750, comprising 
PacBio HiFi reads (SRR31827589–SRR3182759351–55) for primary genome assembly, Hi-C data (SRR31823870–
SRR3182387156,57) for chromatin scaffolding, Illumina short reads (SRR31823823–SRR3182382558–60) for error 
correction, and RNA-seq data from four tissues (SRR31824678–SRR3182468161–64) for annotation. The final 
chromosome-scale genome assembly is available under GenBank accession GCA_051820535.165, and compre-
hensive annotation files including structural annotations in GFF3 format and genomic sequences in FASTA 
format are provided via Figshare66.

a

Fig. 2  Genomic features and evolutionary analysis of A. roxburghii. (a) Circos plot illustrating genomic features 
of A. roxburghii. From the outermost circle to the innermost tracks (a–e): indel density, SNP density, GC ratio, 
gene density, and intragenomic syntenic relationships. (b) Distribution of synonymous substitution (Ks) rates 
among collinear paralogous gene pairs in A. roxburghii, A. officinalis, A. shenzhenica, and D. chrysotoxum.

Type Number Percent (%)

Total 88,106 —

NR 83,060 94.27

Swissport 70,186 79.66

KEGG 67,033 76.08

InterPro 83,090 94.31

Pfam 67,050 76.10

GO 55,980 63.54

Annotated 85,429 96.96

Unannotated 2,677 3.04

Table 5.  Summary statistics of gene functional annotation in the A. roxburghii genome. Note: Percentage 
indicates the proportion of genes annotated in each database relative to the total number of predicted genes in 
the genome.
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Technical Validation
The quality of the genome assembly was evaluated using three complementary approaches. First, genome com-
pleteness was assessed using BUSCO47, which identified 96.0% of conserved embryophytes genes, indicating 
high completeness (Table 2). Second, assembly accuracy was measured using MERQURY67, a k-mer-based 
method, which yielded a high-quality value (QV) of 35.42 (Table 2). Third, Illumina short reads were aligned to 
the assembled genome using BWA v0.7.1721 to assess assembly integrity and sequencing uniformity. A total of 
99.71% of reads were properly mapped, with 99.21% coverage across the genome (Table 6). Collectively, these 
results confirm that a genome assembly of high quality, accuracy, and completeness was successfully generated.

Data availability
All raw sequencing data generated in this study are available under NCBI BioProject PRJNA120238750, which 
includes PacBio HiFi reads (SRR31827589–SRR3182759351–55), Hi-C data (SRR31823870–SRR3182387156,57), 
Illumina short reads (SRR31823823–SRR3182382558–60), and RNA-seq data (SRR31824678–SRR3182468161–64). 
The final assembled genome and annotation files are both available from GenBank under accession number 
GCA_051820535.165 and the Figshare repository66.

Code availability
No custom scripts or unpublished algorithms were employed during data processing. All analytical procedures in 
this study were carried out using established bioinformatics tools and pipelines in accordance with their official 
documentation and recommended protocols. Detailed descriptions of software versions and parameter settings 
have been provided in the Methods section. Unless otherwise stated, all parameters were applied at their default 
configurations as suggested by the tool developers.
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