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Elsholtzia splendens, a perennial herb native to East Asia, is valued for its ornamental and medicinal
uses, particularly in treating inflammatory and febrile conditions. Recent studies have highlighted its
antibacterial, anti-inflammatory, antidepressant, antithrombotic, and lipid-lowering properties of its
compounds. Additionally, E. splendens shows potential for phytoremediation owing to its ability to
hyperaccumulate copper (Cu), lead (Pb), zinc (Zn), and cadmium (Cd). However, its role in remediation

- conflicts with its medicinal use because of the risk of heavy metal accumulation. Genome sequencing

. will be key to boosting beneficial compound production and reducing heavy metal risks. In this study,

. we generated a high-resolution, haplotype-resolved, chromosome-scale genome sequence of E.

. splendens using PacBio Revio long-read, lllumina short-read, and Hi-C sequencing technologies. The

. haplotype genome assemblies, spanned 275.4 and 265.0 Mbp with a scaffold N50 of 33.9 and 33.8 Mbp

. for haplotype 1 and 2, respectively. This assembly provides valuable insights into medicinal compound

. biosynthesis and supports genetic conservation efforts, facilitating future genetic and biotechnological
applications of E. splendens for medicinal and ecological uses.

: Background & Summary
. Elsholtzia splendens, a perennial aromatic herbaceous plant belonging to the family Lamiaceae, is native to East
. Asia, including Korea, China, and Japan'. This species typically grows in mountainous areas or open fields and
© thrives in moist soils?>. Known for its striking inflorescences, which range in color from purple to blue and bloom
. from late summer to early autumn, E. splendens has both ornamental and medicinal significance in traditional
East Asian practices®*. It has long been utilized for its therapeutic properties, particularly in the treatment of
systemic inflammation and febrile conditions®. Recent studies have identified antibacterial®, anti-inflammatory
(analgesic)*, antidepressant’, antithrombotic?, and blood lipid-lowering effects®® of the metabolites within this
species. Essential oils extracted from E. splendens are widely used as herbal remedies®.
: Furthermore, E. splendens has attracted attention for its phytoremediation potential, particularly its capacity
. to hyperaccumulate the heavy metal copper (Cu), lead (Pb), zinc (Zn), and cadmium (Cd) from contaminated
© soils'®13. This ability enables the plant to absorb and store high concentrations of toxic elements within its
: tissues, making it an effective tool for remediating polluted environments, such as industrial sites and min-
. ing areas'®"3. These suggest that position E. splendens is a promising candidate for ecological restoration and
: soil remediation, thereby supporting the sustainable management of heavy metal pollution. However, using
. this plant for soil remediation presents inherent conflicts with its medicinal applications, as heavy metal accu-
. mulation poses significant health risks. Comprehensive genome sequencing and advanced biotechnological
. approaches are essential for maximizing the therapeutic potential of E. splendens while minimizing the risks
associated with heavy metal accumulation.
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Fig. 1 The appearance of Elsholtzia splendens plant. The picture was taken from the plant grown for four
months.

In the present study, we constructed a haplotype-resolved, chromosome-scale genome sequence of E. splen-
dens using PacBio Revio long-read sequencing, Illumina short-read sequencing, and Hi-C technology. The hap-
lotype genome assemblies spanned total of 275.4 and 265.0 Mbp, with a scaffold N50 size of 33.9 and 33.8 Mbp,
respectively. Additionally, two sets of haplotype chromosomes (n =x = 8) were resolved using Hi-C data. This
high-resolution, haplotype-resolved genome provides valuable insights into the biosynthetic pathways respon-
sible for key medicinal compounds, including essential oils, in E. splendens and serves as a critical resource for
genetic conservation. Moreover, the genome assembly will accelerate future research aimed at enhancing
E. splendens through genetic improvements and biotechnological methods, ultimately advancing its medicinal
applications and contributing to sustainable environmental management practices.

Methods

Plant materials. E. splendens seeds were collected from Hwacheon (Accession No. NIBRGR0000188806,
Kangwon-do, Republic of Korea) and provided by the National Institute of Biological Resources (NIBR, Incheon,
Republic of Korea) for use in this study (Fig. 1). The seeds were sown in pots and grown in a growth chamber
under conditions of 26 °C, 65% humidity, and a long-day photoperiod (8 hours of darkness and 16 hours of light)
until tissue sampling. Tissue sampling for DNA extraction was performed on plants that were two-month-old.
For RNA extraction from flowers and flower buds, plants were grown under a short-day photoperiod (16 hours of
darkness and 8 hours of light) to induce the reproductive stage.

Nucleic acid extraction, library construction and sequencing. High-molecular-weight genomic
DNA was extracted from the leaf tissue using the CTAB method'*. The concentration and purity of DNA were
measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and a Qubit
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Sequencing method | Pair | Total Bases (bp) | No. of reads | Average length (bp) | N50 (bp) | Min length (bp) | Maxlength (bp) | GC (%)
PacBio — 38,393,983,028 3,686,822 10,414 14,565 103 66,244 37.8
HLC 1 8,618,748,600 57,458,324 150 — — — 38.3
i-

2 8,618,748,600 57,458,324 150 — — — 38.5

1 29,148,780,431 193,038,281 | 151 — — — 46.7
RNA-seq

2 29,148,780,431 193,038,281 | 151 — — — 47.1

Table 1. Summary statistics for sequencing data used in this study.

Sequencing method | Pair | Total Bases (bp) | No, of read | Averagelength (bp) | GCs (%)
Hi.C 1 8,403,216,160 56,637,359 148.4 38.1
i
2 8,403,216,160 56,637,359 148.4 38.2
1 28,594,115,906 191,608,694 149.2 46.7
RNA-seq
2 28,594,115,906 191,608,694 149.2 46.9

Table 2. Summary statistics of trimmed sequence reads.

fluorometer (Thermo Fisher). The sequencing library was prepared using the SMRTbell Express Template Prep kit
3.0 (PacBio, Menlo Park, CA, USA) and sequenced using the PacBio Revio platform. As a result, 3,686,822 long
reads, accounting for 38.4 Gbp were generated and used for contig assembly (Table 1).

Hi-C library was constructed at Phase Genomics (Seattle, WA, USA) using young leaf tissue and the
Proximo® Hi-C kit for plant (KT3045) according to the manufacturer’s protocol. The Hi-C library was
sequenced using the Illumina NovaSeq6000 platform (San Diego, CA, USA). In total, 114,916,648 paired-end
reads, accounting for 17.2Gbp were generated (Table 1). Among these, 113,274,718 trimmed reads, accounting
for 16.8Gbp were used for genome scaffolding (Table 2). Read trimming was conducted using FastP (v0.23.2)"
with the default parameters.

For transcriptome sequencing, RNA was extracted from the leaves, stems, roots, flowers, and flower buds
using the RNeasy Plant Mini Kit (Qiagen, Hilden, North Rhine-Westphalia, Germany) following the manu-
facturer’s protocol. After checking for concentration and purity, equal aliquot volumes were obtained from
the concentration-adjusted RNA extracts of each tissue and combined for sequencing library construction.
A sequencing library was constructed using the TruSeq stranded mRNA library kit (Illumina, San Diego, CA,
USA) and sequenced using NovaSeq6000 platform. Consequently, 386,076,562 paired-end reads were obtained
(Table 1). A total of 383,217,388 reads, trimmed using FastP (v0.23.2)"> with default parameters were used as
evidence for gene prediction (Table 2).

Genome size estimation. Prior to assembling the genome sequence, the characteristics of E. splendens
genome were determined using a K-mer frequency distribution analysis. The JellyFish algorithm (v2.3.0)'¢ was
used for the K-mer decomposition of long-read sequences with a K-mer length of 21. The K-mer frequency
distribution was analyzed using findGSE (v0.1.0)". E. splendens was estimated to contain a haploid genome size
of 322.351 Mbp, with a heterozygous rate of 0.0126 (Fig. 2). The K-mer frequency distribution displayed two
distinct peaks, referred to as heterozygous and homozygous peaks, with a higher frequency of the heterozygous
peaks (Fig. 2). This suggests the heterozygous nature of the E. splendens genome, as the germplasm was sourced
from natural habitats.

De novo genome assembly.  Since the K-mer frequency distribution of E. splendens showed a substantial
frequency of heterozygous peak (Fig. 2), we attempted to obtain haplotigs using long-read sequences from the
Revio platform. Haplotig assembly was conducted using long-read sequences, and Hi-C paired-end sequences
were assembled using Hifiasm (v0.19.9-r616)'%. Consequently, 939 and 215 haplotigs were generated for haplo-
type 1 (Hapl) and haplotype 2 (Hap2), respectively (Table 3). Haplotigs for Hap1 spanned 352.5 Mb with a contig
N50 of 15.3 Mb, whereas, 283.8 Mb was assembled with a contig N50 of 24.1 Mb for Hap2 (Table 3).

Based on these two sets of haplotigs, scaffolding was attempted using Hi-C reads to generate a
haplotype-resolved genome assembly. Hi-C reads were mapped to the two sets of haplotigs using BWA
(v0.7.17-r1188)". Duplicated reads were removed using SamBlaster (v0.1.26)*. Secondary and supplementary
alignments were filtered using Samtools (v1.10)*' as outlined in the HapHiC manual (https://github.com/zengx-
iaofei/HapHiC). The alignment file was processed using HapHiC (v1.0.6)?? with parameters for 16 chromo-
somes*. Manual curation was performed using the JuiceBox Assembly Tool (v1.11.08)*.

The Hi-C heatmap clearly showed interactions across 16 chromosomes, with diagonal interaction signals
between each of the two homologous chromosomes (Fig. 3), suggesting a successful haplotype-resolved assem-
bly through Hi-C data integration. The two sets of eight haplotype-resolved chromosomes and 1,114 unplaced
contigs were assembled. Two haplotype chromosome sets were assembled into 275.4 and 265.0 Mbp with N50
values 33.9 and 33.8 Mbp, respectively (Tables 3, 4). Out of 1,114 unplaced contigs, nine contigs carrying foreign
contamination were removed using FCS-GX (v0.5.4-8-g3c7c426)* and SeqKit (v2.8.2)%. Remaining 1,105 con-
tigs were assembled into 95.8 Mbp with N50 of 0.1 Mbp (Table 3).
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Fig. 2 The K-mer frequency distribution of E. splendens genome.

Final statistics of de novo genome assembly
Subject Key metric Total Hapl Hap2 Unplaced contigs
The number of sequences 1,154 939 215 —
Total length (bp) 636,297,023 352,513,085 283,783,938 —
Minimum length (bp) 6,456 7,076 6,456 —
Maximum length (bp) 34,250,833 26,073,513 34,250,833 —
Contig assembly Average length (bp) 551,384 375,413 1,319,925 —
N50 (bp) 15,367,162 15,338,506 24,085,736 —
N90 (bp) 207,829 89,142 4,527,678 —
The number of contigs > 1 Mbp 42 26 16 —
GC contents (%) 38.4 39.0 37.6 —
The number of sequences 1,121 8 8 1,105%
Total length (bp) 636,145,535 275,402,277 264,963,485 95,779,773
Minimum length (bp) 6,456 26,511,627 26,338,178 6,456
Maximum length (bp) 42,364,884 42,364,884 40,316,837 5,534,867
Average length (bp) 567,480 34,425,285 33,120,436 86,679
Scaffold assembly N50 (bp) 33,573,425 33,884,647 33,774,087 103,890
N90 (bp) 208,450 30,634,578 28,338,415 42,118
The number of placed contigs 40 21 19 —
The number of placed contigs >1 Mbp | 38 20 18 —
% contigs > 1 Mbp in scaffolds (%) 95.0 95.2 94.7 —
GC contents (%) 384 37.2 36.9 45.9

Table 3. Summary statistics of de novo genome assembly of E. splendens. “Note that nine contigs carrying
sequences from foreign contaminant were removed.

Prediction and annotation of repetitive sequence. The prediction of de novo repetitive sequences in
the E. splendens genome was performed using RepeatModeler (v2.0.5)%” with the ‘-LTRStruct’ parameter to iden-
tify and annotate LTR retrotransposons using LtrHarvest (v1.6.2)*® and LTR_retriever (v 3.0.1)*. The output TE
library file containing de novo repetitive sequences identified and annotated from the E. splendens genome was
integrated into the RepeatMasker library. The integrated library was then subjected to RepeatMasker (v4.1.7-p1)*
as a custom library. A total of 389.9 Mbp accounting for 61.3% of the diploid genome, was annotated as repetitive
sequences (Table 5; Fig. 4a). Among the classified repeats, LTR retrotransposons predominantly occupied 178.2
Mbp regions, accounting for 28.0% of the diploid E. splendens genome (Table 5; Fig. 4b,c). Copia- and Gypsy-type
LTR elements spanned 58.3 and 46.5 Mbp accounting 9.2 and 7.3% of diploid genome, respectively (Table 5;
Fig. 4b,c).

SCIENTIFIC DATA | (2025) 12:827 | https://doi.org/10.1038/s41597-025-05214-2 4


https://doi.org/10.1038/s41597-025-05214-2

www.nature.com/scientificdata/

Hi-C contact map (bin size: 140 Kb, x-axis unit: Mb)
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Fig. 3 The Hi-C interaction map of haplotype-resolved chromosome level assembly of E. splendens genome.
Hi-C interaction between 16 chromosomes was depicted. Note that the chrosomes were ordered by the size, and
unplaced contigs were excluded in the Hi-C interaction map.

Chromosome Haplotype No. of contigs | Length (bp) Length disparity* | Gap-free length (bp)

A 3 42,364,884 42,364,684
Chrl 2,048,047

B 4 40,316,837 40,316,537

A 2 41,440,775 41,440,675
Chr2 2,662,164

B 2 38,778,611 38,778,511

A 5 34,277,361 34,276,961
Chr3 836,677

B 3 35,114,038 35,113,838

A 2 33,884,647 33,884,547
Chr4 110,560

B 1 33,774,087 33,774,087

A 3 33,573,425 33,573,225
Chr5 1,851,387

B 3 31,722,038 31,721,838

A 2 32,714,980 32,714,880
Chré 2,133,699

B 2 30,581,281 30,581,181

A 2 30,634,578 30,634,478
Chr7 2,296,163

B 1 28,338,415 28,338,415

A 2 26,511,627 26,511,527
Chr8 173,449

B 3 26,338,178 26,337,978

Table 4. Length of haplotype-resolved pseudomolecules of E. splendens. *Length disparity indicates
chromosomal length difference between the homologous chromosome pairs.

Impact of repetitive sequences on chromosomal length disparity of homologous chromo-
somes. A total length difference of 12.1 Mbp was observed between the homologous chromosome sets
(Table 4). To investigate the underlying cause of this disparity, we conducted a detailed analysis of repetitive
sequences in each haplotype. The results revealed that the majority of the length difference could be attributed
to variations in both the amount and total span of repetitive DNA (Fig. 5a,b). Specifically, longer chromosomes
tended to have larger genomic spans occupied by repetitive sequences, suggesting that repetitive sequence plays a
major role in driving chromosomal length variation between homologous pairs.
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No. of elements | Length occupied (bp) | Percentage of sequence (%)

Retroelements 202,942 182,113,999 28.63
SINEs: 661 44,508 0.01
Penelope: 471 72,615 0.01
LINEs: 7,479 3,849,637 0.61
CRE/SLACS 0 0 0.00
L2/CR1/Rex 295 15,154 0.00
R1/LOA/Jockey 140 11,023 0.00
R2/R4/NeSL 21 952 0.00
RTE/Bov-B 240 12,839 0.00
L1/CIN4 5,267 3,727,664 0.59

LTR elements: 194,802 178,219,854 28.02
BEL/Pao 313 22,325 0.00
Tyl/Copia 37,368 58,310,347 9.17
Gypsy/DIRS1 25,961 46,467,026 7.30
Retroviral 867 44,874 0.01
DNA transposons 20,472 9,459,715 1.49
hobo-Activator 2,850 816,019 0.13
Tc1-1S630-Pogo 904 252,987 0.04
En-Spm 0 0 0.00
MULE-MuDR 7,003 4,412,168 0.69
PiggyBac 103 5,264 0.00
Tourist/Harbinger 3,136 856,759 0.13
Other (Mirage, P-element, Transib) | 32 1,704 0.00
Rolling-circles 6,184 2,617,823 0.41

Unclassified: 406,129 179,934,308 28.29

Total interspersed repeats: 371,580,637 58.41
Small RNA: 13,800 7,921,081 1.25
Satellites: 476 27,608 0.00
Simple repeats: 145,576 6,718,228 1.06
Low complexity: 22,374 1,079,337 0.17

Table 5. Summary statistics of annotated repeat elements in E. splendens genome.

Gene prediction and annotation. To predict high-confidence gene models of the E. splendens genome,
we used the BRAKER pipeline (v3.0.8)*! for the soft masked diploid genome sequence of E. splendens. BRAKER
incorporated evidence from the generated RNA-seq data, as well as protein sequences from closely related spe-
cies and two model plants: Perilla frutescens var. frutescens (GCA_019511825.2)*, P. frutescens var. hirtella
(GCA_019512045.2)%, Salvia splendens (GCF_004379255.2)%, S. hispanica (GCF_023119035.1)*, S. miltiorrhiza
(GCF_028751815.1)*, Arabidopsis thaliana (GCF_000001735.4), and Oryza sativa Japonica (GCF_034140825.1)*.
High-confidence gene models of 24,661, 24,532, and 56 genes, encoding 27,923, 27,820, and 62 proteins, were
predicted in the Hap1, Hap2, and unanchored contigs, respectively (Table 6; Fig. 4d). Among the 24,661 genes in
Hap1 and 24,532 genes in Hap2, 24,349 and 24,250 genes were identified as allelic counterparts by the DIAMOND
(v2.1.10.164)*® alignment using an e-value threshold of 1 x 107> and max target sequences of one. The GC contents
was slightly increased in the centromeric regions of chromosomes, which exhibit low gene density (Fig. 4d,e).

The functional annotation of genes was primarily conducted using the eggNOG mapper (v2.1.12)*° based on
the eggNOG DB (v5.0.2)* along with the Kyoto Encyclopedia of Genes and Genomes (KEGG)*, Gene Ontology
(GO)*! and Pfam*. Further functional annotation was supplemented through protein alignments performed with
DIAMOND (v2.1.10.164), using e-value threshold of 1 x 10~° and max-target-seqs of one against the NCBI NR*
and Swiss-prot** databases. A total of 24,278, 24,167, and 55 genes from the Hap1, Hap2, and unanchored contigs,
respectively, encoding 27,523, 27,437, and 61 proteins were functionally annotated in at least one of the databases.
Annotation coverage reached 98.2-98.5% for genes and 98.4-98.6% for proteins in E. splendens (Table 6).

Synteny analysis. To determine the syntenic relationships between homologous and non-homologous
chromosomes in E. splendens, we aligned protein sequences to its own protein sequences using DIAMOND
(v2.1.10.164)* using an e-value threshold of 1 x 10~°. The collinearity between homologous and non-homologous
chromosomes identified using MCScanX (v1.0.0)**. A total of 84 and 842 blocks were identified for syntenic
regions between homologous (Fig. 4f) and non-homologous chromosomes (Fig. 4g), respectively. The syntenic
relationships between the homologous chromosomes (Fig. 4f) demonstrated consistency in the positioning of
allelic genes, confirming the completeness of the haplotype-resolved genome assembly. Circular map of
E. splendens genome was drawn using Circos (v0.69-9)*. Density of total repeats, Copia-type LTRs, Gypsy-type
LTRs, genes and GC contents were calculated using Bedtools (v2.27.1)* based on the non-overlapping 100 kbp
windows.
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Fig. 4 Circular map of the genomic features of E. splendens. (a) Density of total repetitive sequences.

(b) Density of Copia-type LTR elements. (c) Density of Gypsy-type LTR elements. (d) Density of high-confident
E. splendens gene models. (e) GC contents. (f) Syntenic relationships between homologous chromosomes.

(g) Syntenic relationships between non-homologous chromosomes. Density of genomic features were measured
on the non-overlapping 100 kbp windows.

Data Records

The sequencing data used for the genome assembly have been deposited in the NCBI database under the
SRA project number SRP544085. The haplotype-resolved, chromosome-level genome assembly and
gene annotation have been deposited in GenBank under the accession numbers JBMNYP000000000* and
JBMNYQ000000000°°, and in the FigShare database (https://doi.org/10.6084/m9.figshare.27678117)".

Technical Validation

The quality of the genome assembly was assessed by the LTR assembly index (LAI) (v 3.0.1)*%, Merqury (v1.3)%,
and Benchmarking Universal Single-Copy Orthology (BUSCO) algorithm (v5.8.0)>* based on the eudicots_
0db10 dataset. The assembled genome showed a LAI score of 29.62 and a consensus quality value (QV) of 67.12,
indicating an accuracy exceeding 98.2%.

The proportions of complete core eukaryotic genes were 97.3 and 97.4% for the Hap1 and Hap2, respectively
(Table 7). BUSCO assessment based on the predicted gene models also demonstrated high completeness, with
scores of 97.5 and 97.6% for Hap1 and Hap2, respectively (Table 7). These results collectively indicated that both
the genome assembly and gene prediction for the E. splendens genome are of high quality.
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Fig. 5 Impact of repetitive sequences on the chromosomal length disparity between homologous chromosome
sets. Correlation between the difference in (a) the amount and (b) the total genomic span of repetitive sequences
and the length disparity between homologous chromosome pairs is visualized.

No. of genes No. of proteins

Gene annotation | Hapl Hap2 Contigs | Hapl Hap2 Contigs

Predicted 24,661 24,532 | 56 27,923 | 27,820 62

Uniprot 19,137 19,104 |41 21,701 21,685 47

NCBINR 24,253 24,148 |55 27,491 27,412 61

eggNOG 23,980 23,882 |55 27,205 | 27,132 61

KEGG 7,296 7,308 15 8,272 8,305 17

GO 4,695 4,691 9 5,347 5,347 10

Pfam 12,051 12,049 |29 13,665 13,676 30

Total annotated 24,278 24,167 |55 27,523 | 27,437 61

% annotated 98.4 98.5 98.2 98.6 98.6 98.4

Table 6. Functional annotation of E. splendens genes.
Counts (ratio [%])

Subject Type Hapl Hap2
Complete BUSCOs (C) 2263 | (97.3)  |2265 |(97.4)
Complete and single-copy BUSCOs (S) 2,180 (93.7) 2,185 (93.9)
Complete and duplicated BUSCOs (D) 83 (3.6) 80 (3.4)

Genome
Fragmented BUSCOs (F) 22 (0.9) 22 (0.9)
Missing BUSCOs (M) 41 (1.8) 39 (1.7)
Total BUSCO groups searched 2,326 (100.0) 2,326 (100.0)
Complete BUSCOs (C) 2,269 (97.5) 2,270 (97.6)
Complete and single-copy BUSCOs (S) 1,921 (82.6) 1,932 (83.1)
Complete and duplicated BUSCOs (D) 348 (15.0) 338 (14.5)

Proteins
Fragmented BUSCOs (F) 4 (0.2) 3 (0.1)
Missing BUSCOs (M) 53 (2.3) 53 (2.3)
Total BUSCO groups searched 2,326 (100.0) 2,326 (100.0)

Table 7. Result of the BUSCO assessment of E. splendens.
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Code availability
All sequencing data were analyzed in accordance with the instructions and guidelines provided by the relevant
bioinformatics pipeline. No custom scripts or code were used.
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