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The chromosome-level genome 
assembly of the early monocot 
species Tofieldia thibetica
Hong Chen1,2, Xiang-Yu Wang1,2, Jia-Le Wang1, Ning-Hua Tan1 ✉ & Ling-Yun Chen   1 ✉

Tofieldia thibetica is a species native to Southwest China. It holds an important phylogenetic position 
as one of the earliest-diverging lineages within monocots. Here we report a chromosome-level genome 
assembly of T. thibetica, assembled using PacBio HiFi and Hi-C sequencing data. The 1,641 Mb assembly 
has a contig N50 of 55.66 Mb, with 1,362 Mb of sequences anchored to 15 pseudochromosomes. 
Genome annotation predicted 53,411 protein-coding genes, of which 53,075 were functionally 
annotated. Repetitive sequences account for 79.53% of the genome. This assembly fills a critical 
genomic gap in Tofieldiaceae and provides an essential resource for phylogenomic and functional 
studies. This assembly also supports efforts to explore the family’s medicinal potential and to advance 
our understanding of monocot evolution.

Background & Summary
Tofieldia thibetica, a species in the family Tofieldiaceae1, is endemic to Southwest China. It typically inhabits scrub-
lands, grassy slopes, and rock crevices at elevations ranging from 700 to 2,300 meters2. The whole plant of T. thibetica 
has traditionally been used in medicine for promoting digestion, alleviating pain, detoxifying and reducing swell-
ing, relieving gastric discomfort, treating wind-induced skin rashes, and mitigating injuries from falls or trauma3.

Tofieldia thibetica was treated as a member of Liliaceae in Flora of China2, but it is now classified within the 
family Tofieldiaceae1,4–8. Tofieldiaceae was recognized as an early-branching lineage within Alismatales, which 
is sister to core monocots. T. thibetica, characterized by distinctive morphological traits such as free carpels 
developing into obovoid capsules and seeds featuring a prominent white raphe (Fig. 1a), serves as an ideal model 
for studying monocot evolution and speciation. However, previous studies have reported conflicting results 
regarding the phylogenetic relationships among Tofieldiaceae, core Alismatales, and Araceae9,10. The paucity of 
genomic data of Tofieldiaceae has limited our understanding of the evolution of this family.

Advances in high-throughput sequencing have revolutionized phylogenetic and comparative genomic stud-
ies. We generated a chromosome-level genome assembly of T. thibetica by integrating PacBio HiFi long-read 
sequencing with Hi-C data. This assembly fills a key genomic gap by clarifying the evolutionary placement 
of this species, supporting functional gene discovery and conservation biology applications, and facilitating 
broader phylogenetic and adaptive evolution studies within Alismatales and monocots.

Methods
Plant materials and sequencing.  Fresh roots, stems, leaves, and inflorescences of T. thibetica were col-
lected from one individual plant in Chuxiong, Yunnan (101.3947°E, 25.0962°N; 1,877 m) on July 17, 2023. After 
cleaning, tissues were flash-frozen in liquid nitrogen, preserved on dry ice, and subsequently used for genomic 
DNA extraction using the cetyltrimethylammonium bromide (CTAB) method11 and total RNA extraction using 
the TRIzol Reagent kit (Invitrogen, USA). A SMRTbell library (insert size ~15 kb) was prepared according to 
the manufacturer’s protocol (Pacific Biosciences, CA, USA), and long-read sequencing was conducted using the 
PacBio Revio platform. A Hi-C library was also constructed, followed by sequencing using the BGI DNBSEQ-T7 
platform (Beijing Genomic Institute, Shenzhen, China). PacBio Revio HiFi sequencing yielded 88.26 Gb of long 
reads (Table 1), while Hi-C sequencing generated 264 Gb of raw data, with 262.38 Gb retained after quality fil-
tering with Fastp (v0.23.2)12. Transcriptome sequencing on the DNBSEQ-T7 platform produced 26.60 Gb of raw 
data, from which 25.46 Gb of high-quality reads were obtained for downstream analyses.
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Estimate of genome size.  Using flow cytometry with tomato (900 Mb) and maize (2.3 Gb) as internal 
standards, we estimated a genome size of ~1.61 Gb for T. thibetica, based on the sample-to-standard fluorescence 
intensity ratio of 0.50 (Fig. 1b). K-mer frequency distribution (21-mer) of PacBio HiFi reads was calculated using 
the count and histogram sub-commands of Jellyfish13. The resulting profile was modeled with GenomeScope2 
(v1.0.0)14, which indicated a diploid genome (p = 2) with a haploid size of 1.01 Gb, 59.30% repetitive content, 
and 1.25% heterozygosity (Fig. 1c). Smudgeplot (v0.1.6)15 analysis (k = 31) also supported diploidy (Fig. 1d). 
Collectively, these results indicated that T. thibetica has a large, highly repetitive, and moderately heterozygous 
genome.

Fig. 1  Plant photo (a), genome size (b,c), and ploidy estimation (d) of T. thibetica using flow cytometry, k-mer 
analysis, and Smudgeplot. In the flow cytometry histograms (b), FL2-H represents the propidium iodide (PI) 
fluorescence intensity, reflecting relative nuclear DNA content. CP indicates the co-processed sample. From left 
to right, the first G1 peak represents tomato (Solanum lycopersicum, 1 C = 900 Mbp), the second corresponds 
to the tested sample, and the third represents maize (Zea mays B73, 1 C = 2.3 Gbp). Tomato and maize were 
used as internal reference standards. The value 0.03 denotes the coefficient of variation (CV) of the G1 peak, 
indicating high measurement precision.

Sequence Platform Total reads Total bases (bp) Sequence depth (×)

HiFi reads PacBio Revio 5,527,556 88,262,875,770 55.44

Hi-C reads DNBSEQ-T7 1,759,106,000 262,376,374,000 198.46

RNA reads DNBSEQ-T7 178,140,764 25,460,198,000 —

Table 1.  Summary of sequencing data generated for T. thibetica.
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De Novo genome assembly and quality assessment.  The chromosome-scale genome assembly of  
T. thibetica was generated using a hierarchical strategy that combined PacBio HiFi long reads and Hi-C data. 
PacBio HiFi reads were assembled with hifiasm (v0.19.6)16, and redundant sequences were removed using Purge_
dups (v1.2.5)17, resulting in 730 contigs with a total length of 1,641 Mb. The contig N50 was 55.66 Mb with a GC 
content of 43.87%. BUSCO (v5.1.2, embryophyta_odb10; 1,614 single-copy orthologs)18 analysis identified 1,531 
complete single-copy genes, corresponding to 98.40% completeness (Table 2). Integration of Hi-C data with Juicer 
(v1.6)19 and 3D-DNA (v180922)20 anchored 1,362 Mb of sequences (83.0% of the genome) to 15 pseudochro-
mosomes andincreased the scaffold N50 to 93.60 Mb. The final assembly exhibited a GC content of 43.98% and a 
BUSCO completeness of 95.60% with 1,515 complete single-copy genes (Table 2). Quality was further supported 
by an LTR Assembly Index (LAI) of 17.68 estimated with LTR_retriever (v2.9.7)21, a base-level quality value (QV) 
of 63.99, and a k-mer completeness of 83.96% calculated with Merqury (v1.3)22. A genome-wide Hi-C interaction 
heatmap was generated with HapHiC (v1.0.6)23 (Fig. 2a), and a circos plot was constructed using Circos (v0.69)24 
(Fig. 2b).

Repetitive sequence annotation.  Repetitive sequences were identified through a combination of 
homology-based prediction with RepeatMasker (v4.1.2)25 and de novo identification with RepeatModeler 
(v2.0.5)26. Transposable elements were further classified using EDTA (v2.1.1)27, and elements that remained 
unclassified were subjected to deep annotation with DeepTE28. In total, 1,084.71 Mb of repetitive sequences were 
identified, representing 79.53% of the genome (Table 3). Long terminal repeats (LTRs) were the predominant 
class, with Copia and Gypsy accounting for 16.04% and 53.71% of the genome, respectively.

Gene structure annotation.  Protein-coding genes in the T. thibetica genome were annotated by integrat-
ing multiple approaches: homology-based prediction with GeneWise (v2.4.1)29, transcriptome-based evidence 
from RNA-seq read alignment with HISAT2 (v2.2.1)30, transcript assembly with StringTie (v2.2.1)31, and ORF 
prediction with TransDecoder (v5.7.1, https://github.com/TransDecoder/TransDecoder), and ab initio predic-
tion with Augustus (v3.5.0)32. The results were merged using GETA (v2.7.1, https://github.com/chenlianfu/geta), 
yielding 53,411 protein-coding genes. Gene structural features included an average gene length of 6,847 bp, mean 
exon length 1,663 bp, mean intron length 5,184 bp, and mean coding sequence length 1,290 bp. BUSCO analysis 
(v5.1.2, embryophyta_odb10) indicated a completeness of 88.60%.

Non-coding RNA annotation.  We employed a suite of computational tools to identify and annotate 
non-coding RNAs within the T. thibetica genome. tRNAs were predicted with tRNAscan-SE (v2.0.11)33 in eukar-
yotic mode (default). rRNAs, snoRNAs, and miRNAs were predicted with Infernal (v1.1.4)34 using homology 
searches against the Rfam database (e-value: 1e-5). The annotation identified 1,840 rRNA genes, 296 tRNA genes, 
52 snoRNA genes, and 22 miRNA genes.

Gene functional annotation.  Functional annotation of the 53,411 protein-coding genes in T. thibetica was 
performed using seven databases: EggNOG35, Non-Redundant Protein Sequence Database (Nr), Swiss-Prot36, 
GO37,38, KEGG39,40, InterPro41, and Pfam42. 53,075 genes (99.37%) were successfully functionally annotated 
(Table 4). The Nr database achieved the highest annotation coverage at 98.61%, followed by eggNOG at 96.71%, with 
Swiss-Prot covering 57.31% of genes. For conserved domain prediction, InterPro and Pfam annotated 86.23% and 
85.52% of genes, respectively. KEGG pathway annotation was assigned to 57.98% of genes, while 37.64% received 
GO terms.

Data Record
The raw sequencing data of T. thibetica, including PacBio HiFi reads, Hi-C reads, and transcriptome reads, 
have been deposited in NCBI Sequence Read Archive (SRA) with the following accession codes: PacBio HiFi, 
SRR3526371543, SRR3526371744, SRR3526371845; Hi-C, SRR3526371346, SRR3526371447; transcriptome, 
SRR3526371148, SRR3526371249, SRR3526371650. The corresponding BioProject and BioSample accessions are 
PRJNA1319348 and SAMN51150105, respectively.

Assembly statistic Contig-level assembly Chromosome-level assembly

Number of contigs/chromosomes 730 15

Largest contig/scaffold (bp) 107,953,961 132,319,398

Total length (bp) 1,641,809,050 1,362,655,837

GC content (%) 43.87 43.98

Contig/scaffold N50 (bp) 55,660,170 93,597,260

Contig/scaffold N90 (bp) 21,285,891 73,790,276

Contig/scaffold L50 12 7

Contig/scaffold L90 29 13

BUSCO completeness (%) 98.40 95.60

Complete single-copy BUSCOs 1,531 1,515

Table 2.  Statistics for contig-level and chromosome-level genome assemblies of T. thibetica.
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Technical Validation
The integrity and accuracy of T. thibetica genome assembly were evaluated through multiple approaches. The 
Hi-C contact map revealed strong intra-chromosomal interaction signals along the diagonal (Fig. 2), confirming 
the integrity of the genome structure. The GC content distribution showed no evidence of sequence contam-
ination (Fig. 2b). For genomic completeness assessment, BUSCO analysis demonstrated that 95.6% of com-
plete single-copy genes were assembled from a set of 1,614 conserved orthologs (C: 95.6% [S: 93.9%, D: 1.7%],  
F: 0.9%, M: 3.5%, n: 1,614). To validate accuracy, Merqury produced a base-level quality value (QV) of 63.99, and 
LTR_retriever generated an LTR Assembly Index (LAI) of 17.68. These results indicated high accuracy in both 
base calling and repetitive region assembly. Additionally, 53,075 (99.37%) gene models were successfully anno-
tated against databases including NR, KEGG, EggNOG, GO, Pfam, Swiss-Prot, and InterPro. Taken together, 
these results provided compelling evidence that the de novo assembled T. thibetica genome is of high quality.
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Fig. 2  Chromosome-level assembly and features of T. thibetica. (a) Hi-C contact heatmap displaying 
chromosomal interactions. (b) Circos plot illustrating genomic features, including (i) pseudochromosomes,  
(ii) gene density, (iii) GC content, (iv) LTR retrotransposon density, and (v) syntenic links.

Class Count Masked (bp) Masked (%)

LTR

Gypsy 750,392 731,900,128 53.71

Copia 171,450 218,616,531 16.04

unknown 22,660 19,667,807 1.44

LINE 10,343 8,486,789 0.62

TIR 229,264 83,844,818 6.15

Non-LTR 406 275,390 0.02

Non-TIR 37,090 9,454,686 0.69

Repeat fragment 42,840 11,461,359 0.84

Table 3.  Classification and genomic composition of repetitive elements in T. thibetica.

Database Annotated genes Annotation ratio (%)

Nr 52,667 98.61

EggNOG 51,654 96.71

Swiss-Prot 30,609 57.31

InterPro 46,056 86.23

Pfam 45,677 85.52

KEGG 30,967 57.98

GO 20,101 37.64

Total annotated genes 53,075 99.37

Table 4.  Functional annotation statistics of protein-coding genes in T. thibetica.
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Data availability
The chromosome-level genome assembly of T. thibetica has been deposited in NCBI GenBank under the accession 
number GCA_054954025.151, associated with BioProject PRJNA1404966 and BioSample SAMN54730446. The 
corresponding genome annotation files are available on Figshare (https://doi.org/10.6084/m9.figshare.30058588).

Code availability
No custom code was developed in this study. All code and pipelines employed in data processing were rigorously 
executed according to the operation manuals and standardized protocols of publicly available bioinformatics 
tools. Detailed descriptions of software versions, code implementations, and parameter configurations are 
provided in the Methods section.
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