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OPEN - Chromosome-level genome

patapescripTor  assembly and annotation of
the endangered plant Primula
kwangtungensis (Primulaceae)

Tongjian Liu'8, Yunling Xiao'%#, Xing Wu'->#, Sheng Chen*, Sisi Chen®, Itay Mayrose®,
Gang Hao*™, Ruijiang Wang'’ ™ & Yuan Xu®?-3™

Primula kwangtungensis, a perennial herbaceous plant endemic to the Nanling Mountains in southern
China, is rare and sparsely distributed, making it a conservation priority. This study reports a high-
quality chromosome-level genome assembly of approximately 1.29 Gb, achieved through BGI-DIPSEQ,
Nanopore, and Hi-C sequencing. Hi-C data anchored 88.68% of contigs to nine chromosomes, with
contig N50 of 5.87 Mb and scaffold N50 of 144.82 Mb. The assembly achieved a BUSCO completeness
score of 95.8%, indicating high accuracy. A total of 31,717 protein-coding genes were identified, with
97.46% functionally annotated, and repetitive sequences accounted for 63.25% of the genome. This
assembly provides crucial data for understanding species diversity mechanisms in the Nanling region
and the comparative genomics studies among Primulaceae. It offers essential genetic resources for
biodiversity research and aids in developing conservation strategies for rare and endangered plant
species.

Background & Summary
The Nanling Mountains, located in Southern China, are characterized by unique geological formations and
represent a significant biodiversity hotspot, providing essential habitats for numerous species'. Among the
. diverse plant species in this region, members of the genus Primula are particularly notable for their floral dimor-
* phism known as distyly?. Distyly is a reproductive strategy where two distinct floral morphs coexist within a
. population, differing in the reciprocal positioning of anthers and stigmas: pin (long-styled) flowers and thrum
. (short-styled) flowers®. Primula kwangtungensis W. W. Smith stands out as a typical distylous plant (Fig. 1b, c),
making it an important model for studying the genetic and evolutionary mechanisms of this reproductive strat-
egy. In addition, the species was first described in 1937 and belongs to the family Primulaceae and the section
. Carolinella of the genus Primula®. As a perennial herb, P kwangtungensis predominantly grows in the karst
© limestone and Danxia landscapes of the Nanling Mountains (Fig. 1a). These distinctive habitats provide a unique
: ecological niche but also severely limit its distribution. This species is exceedingly rare in the wild, with no con-
firmed collections for over seventy years. It wasn't until 2013, during a field investigation, that we rediscovered
and collected specimens of this species on the central Nanling Mountains.
Subsequent studies revealed that over half of the remaining wild populations consist of less than 50
° mature individuals, severely threatening its survival®. According to the “50/500 rule” (i.e., the Minimum
. Viable Population theory), when the effective population size (Ne) is less than 50, the species faces a higher
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Fig. 1 The habitat and habit of Primula kwangtungensis. (a) Typical habitat. (b) Flowering individual. (c) Long-
styled (left) and short-styled (right) flowers.

risk of inbreeding depression®. Based on current data and criteria established by the International Union for
Conservation of Nature (IUCN), P. kwangtungensis is classified as “Critically Endangered” (CR)’. Although
some research has focused on the phylogenetic relationship®, pollen morphology®, and chloroplast genome char-
acteristics® of P. kwangtungensis, its complete genomic information and genetic traits remain poorly understood.

In this study, we have successfully assembled the chromosomal-level genome of P. kwangtungensis using
a combined sequencing approach, including Oxford Nanopore Technologies (ONT), BGI-DIPSEQ, and
Hi-C methods. The final assembled genome has a total length of approximately 1.29 Gb, with a scaffold N50
of 144.82 Mb. Using Hi-C data, scaffolds were further clustered and ordered into nine pseudochromosomes
(2n =18, ranging in length from 132.6 Mb to 153.8 Mb). In BUSCO evaluations, using the eudicots_odb10
single-copy ortholog datasets, the genome exhibited 95.8% completeness scores. Repetitive DNA sequences
account for 63.25% of the total genome length, and a total of 31,717 protein-coding genes were annotated,
with 97.46% of these genes functionally annotated. According to the published genomic data of species of
Primulaceae s.I, the genome size, scaffold N50, and contig N50 of P. kwangtungensis represent the largest values
among them (Table S1)10-14,

In summary, given its unique ornamental value, distinct habitat, and status as an endemic species of the
Nanling Mountains, P. kwangtungensis serves as an ideal model for studies on species adaptive evolution. The
analysis of its whole-genome characteristics not only provides crucial foundational data for understanding the
mechanisms of species diversity in the Nanling region but also offers essential information for future research
into the genetic architecture of the endangerment of P. kwangtungensis and evolution of the Primula genus.

Methods

Sample preparation, library construction and sequencing. In Yizhang County, located in Chenzhou
City, Hunan Province, China, on the central Nanling Mountains, we collected a range of fresh samples from
P. kwangtungensis for DNA and RNA extraction. These included mature leaves, roots, long-styled and short-styled
flowers, and fruits. All samples were selected from healthy, disease-free plants. After collection, the samples were
immediately wrapped in aluminum foil, labeled for identification, and then stored in liquid nitrogen.

For ONT library construction and sequencing, DNA was extracted from fresh, young leaves of P kwangtun-
gensis. The plant used for genome sequencing was a long-styled flower individual. The leaves were ground into
a fine powder using liquid nitrogen to maintain the biological integrity and preserve DNA quality. High-quality
DNA libraries were constructed with the LSK108 kit (SQK-LSK108, Oxford), and sequencing was carried out
on a Nanopore GridION X5 sequencer using five flow cells for real-time single-molecule sequencing'®. This
approach provided high throughput and long read lengths, resulting in approximately 104 Gb of sequence data.

For short-read sequencing, DNA was extracted from fresh young leaves of P. kwangtungensis using the
CTAB method!® and subsequently sequenced on the BGI-DIPSEQ platform, producing approximately 147 Gb
of 100 bp paired-end reads with an insert size of around 250 bp'”. To ensure the accuracy of subsequent analyses
including genome size estimation and ONT assembly polishing, only high-quality reads were retained for fur-
ther processing. These reads were defined as those trimmed of adapters and quality-filtered with Fastp v0.23.1'8
under thresholds of Phred score > 20, N content < 5%, and length > 50 bp, with additional validation by FastQC
v0.12.1"°. For genome annotation, total RNA was extracted from various tissues of P. kwangtungensis using the
TIANGEN kit with DNase I. Paired-end libraries with a 250 bp insert size were constructed using the NEBNext
Ultra™ RNA Library Prep Kit, and sequenced on the BGI-DIPSEQ platform, generating about 6 Gb of 100 bp
paired-end data per tissue. The raw data were filtered for quality using Trimmomatic v0.39%, with the follow-
ing parameters: ILLUMINACLIP:TruSeq 3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15
MINLEN:36.
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Fig. 2 Genomic survey assessment of Primula kwangtungensis. (a) Flow cytometry result for P. kwangtungensis,
using Solanum lycopersicum as the internal reference. (b) Genome survey based on k-mer (k=21) analysis. (c)
Photomicrograph of somatic metaphase chromosomes. (d) Assessment of the ploidy level of P. kwangtungensis
using Smugeplot.

Employing Hi-C technology for library construction and sequencing®, we aimed to achieve a
chromosome-level high-quality genome of P. kwangtungensis. Plant cells were first fixed with formaldehyde to
preserve DNA-protein interactions, followed by cell lysis. DNA was then digested with the restriction enzyme
DpnlI, which recognizes the GATC site. Biotin labels were introduced post-digestion to link adjacent DNA frag-
ments. After lysis and digestion, the Hi-C library was carefully quality-controlled to meet the required standards.
High-throughput sequencing was performed on the Illumina platform, generating approximately 128 Gb of
150 bp paired-end read data.

Genome size, chromosome ploidy level estimation. Flow cytometry?? and k-mer analysis?® were
employed to estimate the genome size of P. kwangtungensis. Flow cytometry, with Solanum lycopersicum** as
the reference species, utilized a mixed detection approach, recording a minimum of 1128 nuclei events for
P. kwangtungensis and 1047 events for the tomato reference, with coeflicients of variation (CV%) less than 6%
in all three biological replicates. This resulted in a genome size estimate of 1.46-1.51 Gb (Fig. 2a; Table S2).
Additionally, high-quality reads from BGI-DIPSEQ were filtered using SOAPnuke v2.1.8%, followed by genome
survey analysis with 21-mer frequency distribution in Jellyfish v2.3.0% and GenomeScope v2.0%. The results
indicated a genome size of approximately 1.25 Gb, a heterozygosity rate of 1.02%, and repeat content of 57.2%
(Fig. 2b). Lastly, Smudgeplot v0.4.0*” was employed to estimate ploidy, revealing that P. kwangtungensis is likely
diploid, consistent with our cytological observations of chromosome count (2n =2X=18; Fig. 2¢, d).

Draft genome assembly and chromosome-level genome assembly.  For genome assembly, we initially
employed raw long-read sequence data from the ONT platform for de novo genome assembly using NextDenovo

SCIENTIFIC DATA|

(2026) 13:212 | https://doi.org/10.1038/s41597-025-06529-w 3


https://doi.org/10.1038/s41597-025-06529-w

www.nature.com/scientificdata/

a b

chrog-

chrog -

chro7 -

chros -
logz (N links)
16

chros - 12
8

Chro4 -

s

& %
TR
Chrg

chro3 -

chro2-

chro1-

chio1  Chro2 Chro3  Chro4 Chro5 Chr06  Chr07  Chr08  Chr09

fgazesest®
chrs

Fig. 3 Chromosomal contact map and genomic landscape of Primula kwangtungensis. (a) Hi-C contact
heatmap showing the interaction frequency among the nine pseudochromosomes of P. kwangtungensis.

The interaction intensity is represented by the color gradient from light yellow to dark red, corresponding

to the log,-transformed number of Hi-C links. (b) Circos plot illustrating the genomic features of the

P. kwangtungensis genome. From the outermost to the innermost circles: (1) chromosome coordinates (Mb);
(2) ONT read coverage; (3) Illumina read coverage; (4) density of Copia elements; (5) density of Gypsy
elements; (6) density of DNA transposon elements; (7) gene density; and (8) GC content. The innermost
colored ribbons represent syntenic relationships among homologous chromosomal regions, revealing large-
scale collinearity within the genome. All track-based statistics were calculated using 100-kb sliding windows.

v2.5.2%8, During this process, the assembly quality of the contigs was optimized by adjusting the parameters “read_
cutoff to 1,000 bases and seed_cutoff to 18,934 bases”. To mitigate the high error rate associated with third-generation
sequencing technologies, the assembled data from the previous step was polished in three rounds using high-accuracy
short reads with NextPolish v1.4.1% to enhance the accuracy of the genomic sequences. Finally, redundant sequences
in the genome assembly were removed using Purge dups v1.2.6* to obtain a draft genome.

Building upon this preliminary assembly, Hi-C data were integrated to achieve chromosome-level genome
assembly. First, the raw Hi-C data were quality-filtered using Sickle v1.33°! and the filtered reads were aligned to
the reference genome using Bowtie2 v2.4.4°2 Subsequently, interaction information with the reference genome
was generated using Juicer v1.6.0%. The contigs were then subjected to two rounds of error assembly identifi-
cation and correction utilizing the interaction information from the Hi-C data through 3D-DNA v180922%.
Following this, the corrected contigs were clustered, oriented, and ordered to generate scaffolds. After the split
step of the process, manual corrections were applied to the scaffolding using Juicebox v2.04.06* to ensure
accuracy. Subsequent assembly steps were performed using 3D-DNA to obtain a chromosome-level genome
assembly?*, with a size of approximately 1.29 Gb and a scaffold N50 of 144.82 Mb (Fig. 3a). Whole-genome
Hi-C contact heatmap was generated with HiCPlotter*®. The plot of the distribution of genomic elements was
generated using Circos v0.69-8% (Fig. 3b). Syntenic blocks were identified using MCScanX v1.0.0°® with default
parameters requiring five collinear genes, following BLASTP v 2.13.0* alignment using an e-value cutoff of
1le-10 and retention of the top five hits.

Identification of repetitive elements. Annotation of transposable elements (TEs) was conducted using a
combination of homology-based searches and de novo prediction approaches. For homology-based identification,
RepeatMasker v4.0.9*" was employed to recognize TEs using the Repbase database. TE prediction was performed
by constructing a custom repeat library with RepeatModeler v1.0.4*, followed by detection using RepeatMasker.
This analysis was further complemented by the use of LTR_Finder v1.0.5* and RepeatScout v1.0.5%. Tandem
repeats within the genome were identified using Tandem Repeats Finder v4.0.9*. As a result, 815.61 Mb of repet-
itive sequences were annotated in the P. kwangtungensis genome, accounting for 63.25% of the total genome. This
is consistent with observations in most angiosperms, with long terminal repeats (LTR) retrotransposons consti-
tuting the largest proportion at 43.35%*° (Table 1).

Gene structure prediction. Prediction of protein-coding genes was conducted using a comprehensive
approach that integrated transcriptome-based prediction, de novo prediction, and homology-based methods.
Initially, RNA-Seq reads were quality-filtered using Trimmomatic v0.36%, followed by de novo assembly of the
processed reads with Trinity v2.1.1% to generate transcriptome sequences. The assembly results were subsequently
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Number of Percentage of
Type elements Length (bp) | sequence (%)
Retroelements 504415 587759211 45.58
SINEs 2821 535428 0.04
LINEs 31351 28238592 2.19
LTR elements 470243 558985191 43.35
DNA transposons 137888 55143908 4.28
Rolling-circles 10026 4954633 0.38
Small RNA 3812 1282132 0.10
Satellites 1440 1110229 0.09
Simple repeats 163550 12444901 0.97
Low complexity 27912 1454551 0.11
Unclassified 612786 172709563 13.39
Total 1255089 815612682 63.25

Table 1. Summary of the repetitive sequences in Primula kwangtungensis genome.
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Fig. 4 Comparison of the distribution of gene elements for each gene among Primula kwangtungensis and six

species in Ericales. (a) Gene length. (b) CDS length. (c) Exon length. (d) Intron length. The x-axis represents the
length and the y-axis represents the density of genes.

spliced and aligned using PASA v2.4.1*" to complete transcriptome-based gene prediction. Additionally, pro-
tein sequences from closely related species within the same order as P. kwangtungensis were downloaded from
public databases to construct a custom homology protein database. To streamline the genome annotation pro-
cess, BRAKER v3.0.6* was employed to predict gene models on the reference genome, which had been masked
for repetitive sequences using RepeatMasker. This prediction process integrated transcriptome data, protein
sequences from closely related species downloaded from the NCBI database or other data websites designated by
researchers, including P. veris'?, P. vulgaris', P. edelbergii'?, Rhododendron molle* (GCA_025413875.1), Vaccinium
darrowii® (GCA_020921065.1), and Actinidia eriantha® (GCF_019202715.1). To eliminate the interference of
transposable elements, the predicted gene set was filtered using TEsorter 1.4.6°%, BRAKER3, and GlimmerHMM
v3.0.4°® to remove protein-coding genes containing transposable element sequences. Finally, EVidenceModeler
v2.0.0°* was used to integrate the three gene sets into a consensus gene set, which was further refined by PASA
v2.5.0%, resulting in a final high-quality gene set supported by de novo prediction, homologous proteins, and
RNA-Seq data. Through comparative analysis of gene, CDS, exon, and intron lengths, as well as the average
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Annotated Annotated number
Type Database number Percent (%) | and proportion
GO 12032 37.94
KEGG_EC 5343 16.85
KEGG_Pathway | 7423 23.40
eggnog-mapper KEGG_Knum 11648 36.72 26008 (82.00%)
COG 9580 30.20
KOG 27119 85.50
Pfam_domain 25577 80.06
Panther 26156 82.47
Interproscan Plam 23302 fasd 27596 (87.01%)
Interpro 24741 78.01
RefSeq 24132 76.08
Total — 30912 97.46 —

Table 2. Numbers and proportions of functionally annotated protein-coding genes in the genome of Primula
kwangtungensis.
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Fig. 5 Frequency distribution of each identified functional class in eukaryotic orthologous groups (KOG)
annotation.

number of exons per gene, we found that the P kwangtungensis genome exhibits distinct characteristics compared
to the closely related species. Specifically, the average gene length in P kwangtungensis is 3.93 Kb (Fig. 4a), the
average CDS length is 1.10 Kb (Fig. 4b), and each gene contains an average of 4.69 exons. Additionally, the average
exon length is approximately 0.23 Kb (Fig. 4c), while the average intron length is about 0.78 Kb (Fig. 4d). These
findings provide valuable insights into the genomic architecture of P. kwangtungensis and its relatives.

Gene functional annotation. Functional annotation of protein-coding genes was performed using
two methods. InterProScan v5.66-98%, which integrates multiple public databases including Pfam, PRINTS,
PANTHER, ProSite Profiles, and SMART, was used to identify conserved amino acid sequences, motifs, and
domains. This resulted in the annotation of 27,596 genes, accounting for 87.01% of the predicted protein-coding
genes. Additionally, eggNOG-mapper v2.0.0% was used to align predicted genes against the eggNOG data-
base, which includes various databases such as GO, KEGG (KEGG_EC, KEGG_Pathway, KEGG_Knum), and
Pfam_domain. This led to the functional annotation of 26,008 genes, representing 82.00% of the predicted
protein-coding genes. We also established a local RefSeq database (updated 2025-05-05) and conducted MMseq2
searches to align P. kwangtungensis protein sequences against the RefSeq database. The top hits were retained
after applying filtering thresholds of E-value < 0.001 and sequence similarity < 50%. In total, 30,912 genes were
annotated across all databases, covering 97.46% of the predicted protein-coding genes (Table 2).
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Fig. 6 Quantification and distribution of simple sequence repeats (SSRs). (a) Quantification of six types of
SSRs. (b) Chromosomal distribution of SSRs across nine chromosomes.

Type Description Annotated Proteins Value | Ratio (%)
Complete BUSCOs (C) 2228 95.8
Complete and single-copy BUSCOs (S) 2127 91.4
Complete and duplicated BUSCOs (D) 101 43
Genome assembly
Fragmented BUSCOs (F) 30 1.3
Missing BUSCOs (M) 68 29
Total BUSCO groups searched 2326 —
Complete BUSCOs (C) 1556 96.4
Complete and single-copy BUSCOs (S) 1504 93.2
Complete and duplicated BUSCOs (D) 52 32
Genome annotation
Fragmented BUSCOs (F) 9 0.6
Missing BUSCOs (M) 49 3.0
Total BUSCO groups searched 1614 —

Table 3. BUSCO evaluation of genome assembly and annotated protein sequences of Primula kwangtungensis.

The protein-coding genes of P. kwangtungensis were compared with the KOG (EuKaryotic Orthologous
Groups) and COG (Cluster of Orthologous Groups) databases®”. KOG identifies protein sequences with similar
functions through comparative analysis of complete genomes and forms superfamilies, each constituting a KOG
category™®. After removing redundant and low-similarity sequences (filtering parameter: 1e-5)*’, 27,119 genes
(85.56%) were annotated in KOG and 9,580 genes (30.21%) in COG. Further functional classification of protein
isoforms using the KOG database helps elucidate the functional characteristics of P. kwangtungensis genes (Fig. 5).

Microsatellite or simple sequence repeat (SSR) identification.  Using the MISA tool®, we performed
a genome-wide search for simple sequence repeats (SSRs) across nine assembled chromosomes, with detection
thresholds set to a minimum of six repeats for dinucleotides and five repeats for tri-, tetra-, penta-, and hexanu-
cleotides. A total of 479,733 SSRs were identified, with the following distribution by motif type: mononucleotide
repeats were the most abundant (264,524, 55.14%), followed by dinucleotide repeats (183,534, 38.25%), trinucle-
otide (22,765, 4.74%), tetranucleotide (5,382, 1.12%), pentanucleotide (1,804, 0.38%), and hexanucleotide repeats
(1,724, 0.36%) (Fig. 6a). Spatial distribution analysis revealed 89,171 compound SSRs (18.58% of total SSRs), with
all nine chromosomes harboring SSRs. Chromosome 4 contained the highest number of SSRs (61,942), while
chromosome 6 had the lowest (44,871) (Fig. 6b).

Data Records

The raw sequencing data, encompassing Nanopore data (accession number: SRX26340527), BGISEQ
short-reads (accession number: SRX26340528), Hi-C data generated using the Illumina NovaSeq plat-
form (accession number: SRX26340529), and RNA-sequencing data (accession number: SRX26340530 -
SRX26340535) which includes the long-styled and short-styled flowers, fruits, leaves (with two replicates), and
roots of P. kwangtungensis, have been deposited in the National Center for Biotechnology Information (NCBI)
Sequence Read Archive®!. The genome assembly and annotation files are available in the GenBank with the
accession number GCA_054094925.1% as well as in Figshare database®.

Technical Validation

Evaluation of the genome assembly.  The quality and completeness of the P. kwangtungensis genome
assembly were assessed through four distinct approaches. Initially, the genome assembly was evaluated using
BUSCO v5.2.2% with the eudicots_odb10 dataset of single-copy orthologs. The assessment revealed that
the genome encompassed 2,228 BUSCOs, achieving a completeness score of 95.8% (Table 3). Subsequently,
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BWA-MEM v0.7.17% was employed to align BGI-DIPSEQ sequencing data to the assembled reference genome,
achieving a mapping rate of 99.82%. The LTR Assembly Index (LAI), computed by LTR _retriever v3.0.1%, was
also used to assess the genome quality. The LAI score of 12.62 demonstrated that our assembled P. kwangtungensis
genome exhibits high quality and completeness. Lastly, the Merqury®” software was utilized to estimate the con-
sensus QV of the assembly. Optimal k-mer length was determined as 19 via analysis with the “best_k.sh” script
of the Merqury software. A k-mer spectrum of the whole genome was then constructed using BGI-DIPSEQ data
with Meryl under default settings. Merqury evaluation, integrating the k-mer database with assembled sequences,
showed a k-mer completeness of 83.24% and a QV score of 32.15 based on k-mer consistency.

Evaluation of the genome annotation. The genome annotation results were evaluated using BUSCO
with the eudicots_odb10 database. The analysis showed that 96.4% of the predicted protein-coding genes are
complete, with 93.2% being single-copy genes and 3.2% being duplicated genes (Table 3). Additionally, the length
distributions of genes, CDS, exons, and introns in P. kwangtungensis were compared with those of other spe-
cies in the Ericales order. This comparison indicated that the length distributions of these genomic features in
P. kwangtungensis are similar to those of other species in the same order, indicating the high accuracy of the
annotation results (Fig. 4).

Data availability

The raw sequencing data, including Nanopore, BGISEQ, Hi-C and RNA-sequencing data, generated in this
study are available at https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1156912. The genome assembly and
annotation files are available at https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_054094925.1/ and https://
doi.org/10.6084/m9.figshare.29479610.

Code availability

In this study, all commands and scripts used were executed in accordance with the manuals or protocols of the
tools employed. The software and tools used are publicly accessible, and the versions and parameters are detailed
in the “Methods” section. Default parameters were used in case specific arguments were not mentioned. No
custom code was used in this research.
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