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OPEN - A chromosome-level genome
patapescriprTor  assembly of the Chinese herbal
“medicine Chelidonium majus

Xialian Bu?, Xianqi Peng?, Jing Chen(®?, Lei Huang?', Chen Niu?, Yu Zhao?, Jian Zhu?,
. Xiaohong Huang?, Aqin Zheng?, Chiping Kong?, Huantao Qu?, Weijie Sun** & Jiayun Yao'

Chelidonium majus is a herbaceous plant of significant medicinal value, which has been widely
distributed in Europe, Asia, and Northern Africa. However, its genome remains uncharacterized.
Herein, we present a high-quality chromosome-scale genome for C. majus with a size of 1.06 Gb, and
91.21% of the sequences anchored onto 6 chromosomes, comprising 1,520 contigs with an N50 of

: 106.65Mb. The genome is predicted to contain 25,203 protein-coding genes, with 98.2% have been

. functional annotated. The completeness of the genome is highlighted by a BUSCO score of 97.6%. This

© high-quality genome assembly provides a vital resource for future gene screening, drug discovery, and
pharmacological exploration in C. majus.

Background & Summary
. Chelidonium majus L. (Papaveraceae), commonly known as celandine, greater celandine, celandine poppy, rock
' poppy, felonwort, and swallow-wort, is a short-lived hemicryptophyte and can reach up to 1 m in height with
a branched, sparsely hairy stem'. It prefers moist, nitrogen-rich soils and grows in lowlands, foothills, gardens,
and roadsides, which is widely distributed in Europe, Asia, and Northern Africa®?. Researches have shown that it
© has pharmacologically significant functions in both Western phytotherapy and traditional Chinese medicine*>.
: In Chinese herbal medicine, it is employed to address whooping cough, blood stasis, chronic bronchitis, asthma,
. jaundice, gallstones, and gallbladder discomfort, as well as to stimulate diuresis in cases of edema and ascitesh®.
: In addition to its use in human medicine, C. majus also has the potential to treat parasitic diseases in aquatic
animals. For example, in vivo assays showed that the three ethanolic extract of C. majus named chelidonine,
chelerythrine and sanguinarine, could be 100% effective for the elimination of Trichodina at the concentrations
of 1.0, 0.8, and 0.7 mg/L, respectively®. C. majus also can lead to the death of Ichthyophthirius multifiliis theronts
in vitro’. The ethanol extract from C. majus whole plant also has shown the significant anthelmintic activity
against Dactylogyrus intermedius®. Meanwhile, different parts of C. majus exhibit varying antioxidant capacity
. and cytotoxic effects. In the ABTS antioxidant assay, the flower extract showed the highest efficacy of 57.94%,
. while the leaf, pod, and root extracts displayed activities of 39.10%, 36.08%, and 28.88% respectively. However,
. the highest cytotoxic effect also was observed in the flower extracts®. The major pharmacologically relevant
components of C. majus include isoquinoline alkaloids-berberine, chelidonine, chelerythrine, coptisine, and
sanguinarine”.
: This research first presents a high-quality, chromosome-level assembly for C. majus, generated by a com-
: bined approach utilizing PacBio high-fidelity (HiFi) sequencing and high-throughput chromosome conforma-
© tion capture (Hi-C) technology. In total, we generated 68.14 Gb of Illumina paired-end short reads, 37.40 Gb of
. PacBio HiFi reads, and 114.28 Gb of Hi-C reads (Table 1). The 17-mers were counted as 50,337,123,571 from the
. Illumina short reads, and the k-mer depth was 45 (Table 2). The assembled genome assisted by Hi-C amounted
: to 1.06 Gb, comprising 1,520 contigs, with an N50 of 106.65 Mb (Table 3). 69.27% of the assembled genome
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Methodology Platform Total length (Gb) | Reads number
Ilumina paired-end short reads | Illumina NovaSeq 6000 | 68.14 227,147,239
PacBio HiFi reads PacBio Sequel 37.40 2,654,995
Hi-C reads Ilumina NovaSeq 6000 | 114.28 380,906,060
RNA-seq reads Tllumina NovaSeq 6000 | 20.95 139,634,694
Iso-Seq PacBio Sequel 26.16 14,216,693

Table 1. Summary of Chelidonium majus sequencing data in this study.

Terms Value

K-mer size 17

Number of k-mer 50,337,123,571
K-mer depth 45

Estimated genome size (M) 1,118.6

Repeat (%) 70.58
Heterozygous ratio (%) 1.07

Table 2. K-mer analysis of the Chelidonium majus genome. Footnote:“K-mer depth” values represent the peak
values of the k-mer frequency distribution.

Metrics Value

Total length (bp) 1,057,672,628
Total number 1,520
Average length (bp) 695,837
Max length (bp) 168,061,283
Min length (bp) 13,943
Contig N50 (bp) 106,651,791
Contig N90 (bp) 18,944,585
GC content (%) 36.57
Mapping stats of Hi-C data

Total mapped length (bp) 918,794,832
Mapping rate (%) 91.21

Table 3. Statistics of genome assembly results of Chelidonium majus assisted by Hi-C.

Type Number Length (bp) Percentage (%)
SINE 1,837 10,740,380 1.07

LINE 77,904 59,670,030 5.92

LTR 494,090 454,140,674 45.08

DNA 453,546 159,046,434 15.79
Unknown 38,225 10,038,018 1.00

Total 697,778,264 69.27

Table 4. Statistical results of repetitive elements in the Chelidonium majus genome.

comprised repeat sequences (Table 4). A total of 25,203 protein-coding genes were identified and 98.2% of
them were successfully predicted (Tables 5 and 6). Additionally, the genome completeness was evaluated by
BUSCO scoring, which showed a remarkable level of completeness of 97.6% (Table 8). With the publish of this
high-quality reference genome, it can facilitate the discovery of novel pharmaceuticals by identifying genes
responsible for bioactive alkaloid synthesis. Meanwhile, it can advance biomedical research by elucidating the
biosynthetic pathways and regulatory mechanisms of its active compounds, thereby enhancing our understand-
ing of the relationship between genome and metabolic pathways.

Methods

Sample collection.  All specimens were collected following the guidelines of the Earth Biogenome Project
(https://www.earthbiogenome.org/sample-collection-processing-standards-2024). Fresh leaves and roots of
Chelidonium majus were collected from fields (30.86°N, 120.19°E) in Huzhou, Zhejiang, China in March 2024.
Samples were immediately stored at —80°C until DNA extraction. Each sample was associated with a properly
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Average Average
transcript Average CDS exons per Average exon Average intron
Type Gene Set Number length (bp) length (bp) gene length (bp) length (bp)
De novo Augustus 42,648 2,645.85 1,010.94 3.93 257.04 557.42
SNAP 27,058 11,128.62 460.70 2.79 165.39 5,974.51
Homolog Atha 20,498 3,315.80 1,098.62 4.46 246.26 640.56
Mcor 32,909 2,901.43 932.09 4.05 230.32 646.35
Psom 31,352 2,807.09 993.03 3.81 260.83 646.22
RNAseq transcripts 29,113 6,519.10 2,065.68 6.73 306.95 777.24
PASA 96,561 3,151.10 1,019.81 4.74 215.05 569.52
EVM EVM 38,707 2,935.89 1,038.49 4.12 252.19 608.54
Pasaupdate* pasaupdate 38,448 2,998.52 1,057.80 4.17 253.63 612.10
Final set* Final 25,203 3,708.11 1,258.59 5.11 246.34 596.13

Table 5. Basic statistical results of gene structure prediction.

Type Number | Percentage (%)
Total 25,203 100.00

NR 24,512 97.26
Swiss-Prot 20,020 79.43

InterPro 24,059 95.46

Pfam 20,045 79.53

KEGG 19,784 78.50

GO 16,100 63.88
Annotated 24,749 98.20
Unannotated | 454 1.80

Table 6. Statistics of functional annotation results.

preserved voucher specimen, deposited in Zhejiang Institute of Freshwater Fisheries under catalog number
(ZIFF-CM-001 and ZIFF-CM-002).

DNA/RNA extraction. The leaves samples were used for DNA isolation by standard CTAB method. First,
samples were lysed in 1000 pL of CTAB buffer and supplemented with 20 pL lysozyme, followed by incubation at
65 °C for 2-3 hours with periodic mixing. After centrifugation, 950 pL of supernatant was extracted with an equal
volume of phenol: chloroform: isoamyl alcohol (25:24:1), followed by a second extraction using chloroform: isoa-
myl alcohol (24:1). The DNA was then precipitated by adding 3/4 volume isopropanol and incubating at —20°C.
Subsequent steps included centrifugation, washing the pellet twice with 75% ethanol, and air-drying the DNA
under sterile conditions. The purified DNA was resuspended in 51 L. ddH,O, with optional heating at 55-60°C
to facilitate dissolution. Finally, residual RNA was removed by adding 1 pL RNase A and incubating at 37 °C for
15 minutes. Both leaves and roots were subjected to RNA isolation using Trizol reagent (Invitrogen, CA, USA).
The quantity of DNA and RNA were examined by a Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham,
USA) and a Bioanalyzer 2100 system (Agilent Technologies, CA, USA), respectively. The results showed that the
concentration of DNA was 232 ng/pL, with the A260/A280 and A260/A230 values of 1.80 and 2.10, respectively.
The concentration of RNA was 160 ng/pL, with the RIN value of 6.9. The quality of extracted DNA and RNA were
evaluated using agarose gel electrophoresis and NanoDrop 2000 spectrophotometer (NanoDrop Technologies,
Wilmington, USA). DNA and RNA concentrations were determined to be 253.22 ng/pL and 168.40 ng/uL,
respectively.

Library preparing and sequencing. For the short reads sequencing, the qualified DNA sample was ran-
domly fragmented using the Covaris ultrasonic disruptor, followed by library generation with an insert size of
350bp. For Hi-C sequencing, Hi-C libraries were prepared and constructed according to the previously described
methods!!. After quality inspection, all the constructed libraries were subjected to 150 bp paired-end (PE)
sequencing on the Illumina NovaSeq 6000 platform (Illumina, CA, USA). For PacBio sequencing, a SMRTbell
library was constructed using SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences, CA, USA). AMPure
PB Beads were used to concentrate and purify the library. The constructed library was then sequenced on the
PacBio Sequel II platform. For transcriptome sequencing, the TruSeq™ RNA Sample Preparation Kit (Illumina,
CA, USA) was used to construct RNA-seq transcriptome libraries and followed by sequencing on the Illumina
NovaSeq 6000 platform. Besides, Iso-Seq Express 2.0 Kit (Pacific Biosciences, CA, USA) and Kinnex full-length
RNA Kit (Pacific Biosciences, CA, USA) were used to synthesis cDNA and construct library, respectively. The
library was then subjected to sequencing with the PacBio Sequel II platform. In summary, 68.14 Gb short reads,
37.40 Gb PacBio reads, 114.28 Hi-C reads, and 47.11 RNA-seq reads of Chelidonium majus were generated in this
study (Table 1).
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tRNA tRNA 8,992 75.872 682,242 0.068
rRNA rRNA 7,514 402.071 3,021,165 0.300
18S 1,223 1,724.908 2,109,563 0.209
28S 3,871 149.002 576,787 0.057
5.85 1,155 158.737 183,341 0.018
58 1,265 119.742 151,474 0.015
miRNA | miRNA 621 123.335 76,591 0.008
snRNA | snRNA 1,821 115.033 209,476 0.021
CD-box 1,332 107.797 143,586 0.014
HACA-box |78 131.038 10,221 0.001
splicing 409 135.323 55,347 0.005
scaRNA 2 161.000 322 0.000
Unknown 0 0.000 0 0.000

Table 7. Statistical results of non-coding RNAs in the Chelidonium majus genome.

L

Genome size and heterozygosity estimation. Adaptors and low-quality reads were removed from
the raw data using fastp (v0.21.0)'2. The clean data was employed for genome size estimation. K-mer analysis
was conducted using the software Jellyfish (v2.2.7)"*. K-mer 17 was used to conduct survey analysis. The results
showed that the genome size of C. majus was estimated to be 1,118.6 Mb, with the heterozygous ratio of 1.07%
(Table 2).

De novo Genome assembly and chromosome construction.  For the de novo genome assembly, a
hybrid strategy was adopted, combining the both clean PacBio HiFi reads and Illumina Hi-C reads. First, use
the CCS (https://github.com/PacificBiosciences/ccs, parameters: min-rq=0.99) to perform quality control on
the 37.4 Gb raw HiFi sequencing data. The resulting high-fidelity reads were subsequently assembled into con-
tigs using the Hifiasm (v0.19.8)'* with default parameters. To achieve chromosome-level scaffolding, the contig
assembly was integrated with the sequenced 114.28 Gb Hi-C data through the ALLHIC pipeline's, including
five steps: pruning, partition, rescue, optimization, building. Final manual refinement was performed using
Juicebox (v1.11.08)'6. The heatmap of both intra- and inter-chromosomal interactions was visualized (Fig. 1).
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Fig. 2 Circos plot of Chelidonium majus genome illustrating from outside to inside: (a) chromosome length,
(b) gene density, (c) TE density, (d) GC content, (e) collinearity.

A 918,794,832 bp (91.21%) of sequences were successfully anchored onto 6 pseudo-chromosomes. Estimated
genome information in the C-value database at Kew (https://cvalues.science.kew.org/search) showed that the esti-
mated genome size of 1.107 Gb and chromosome number of 2n = 2x = 12, which provided independent support
for the assembly in this study. Finally, the assembled genome amounted to 1.06 Gb, comprising 1,520 contigs, with
an N50 of 106.65 Mb (Table 3). The circos plot of C. majus genome was shown in Fig. 2.

Repetitive sequence annotation. Repetitive sequence annotation was performed using a combination
of homology-based sequence alignment and de novo prediction approaches. For the homology-based sequence
alignment, RepeatMasker (v4.1.6)!” was employed to search against the Repbase TE library'® to identify sequences
similar to known repetitive elements. For the de novo prediction, a de novo repetitive sequence library was first
constructed using RepeatModeler (http://www.repeatmasker.org/RepeatModeler.html), followed by de novo
repeat prediction. Finally, a total of 697,778,264 bp of repetitive sequences were identified in the assemble genome
of C. majus (Table 4), including short interspersed nuclear element (SINE, 1.07%), short interspersed nuclear
element (LINE, 5.92%), long terminal repeat (LTR, 45.08%), DNA transposon (15.79%), and unknown element
(1.00%), which occupied 69.27% of the genome.

Gene structure prediction. For the gene structure prediction, a comprehensive approach combining
de novo, homology-based, and transcriptome-based methods was used to predict genes within the assembled
genome. For homology-based prediction, protein sequences from Arabidopsis thaliana (Atha) (Col-PEK1.5),
Macleaya cordat (Mcor) (GCA 002174775.1), and Papaver somniferum (Psom) (GCF 003573695.1) were
collected for mapping onto the C. majus genome using TBLASTN® with an e-value < 107°. For the de novo
prediction, Augustus (v3.5.0)?° and SNAP (http://homepage.mac.com/iankorf) were used to predict gene
coding regions with default parameters. For transcriptome-based gene prediction, Trinity(v2.8)?! was
first used to perform transcriptome assembly, followed by predicting the gene structure by PASA(v2.5.2)%.
EVidenceModeler(EVM)v1.1.1(http://evidencemodeler.sourceforge.net) was employed to merge the gene sets
predicted by the various methods into a non-redundant and more comprehensive gene set. Subsequently, the
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Functions Annotation

Fig. 3 Venn diagram of function annotations from different databases.

Type A bled genes | Perc ge (%) | Annotated genes | Perc ge (%)
Complete BUSCOs (C) 1576 97.6 1533 95

Complete and single-copy BUSCOs (S) | 1445 89.5 1453 90

Complete and duplicated BUSCOs (D) | 131 8.1 80 5.0
Fragmented BUSCOs (F) 16 1.0 13 0.8

Missing BUSCOs (M) 22 14 68 42

Total BUSCO groups searched 1614 100.0 1614 100.0

Table 8. BUSCO score of the assembled and annotated genome.

Type Lists Value

Reads Mapping rate (%) 98.73
Average sequencing depth (X) | 52.81
Coverage (%) 99.98

Genome Coverage at least 4X (%) 99.94
Coverage at least 10X (%) 99.78
Coverage at least 20X (%) 96.41

Table 9. Mapping ratio of short reads on the assembled genome.

PASA pipeline (http://pasa.sourceforge.net)?® was employed to refine the EVM annotations by incorporating
transcriptome assembly data to produce the final gene set. A total of 25,203 protein-coding genes were iden-
tified. The average CDS length was 1,258.59 bp. The average exon number per gene was 5.11 with an average
exon length of 246.34bp and average intron length of 596.13 bp (Table 5). AGAT Tool kit (https://github.com/
NBISweden/AGAT) also was used to assess this genome. The result showed that the number of genes containing
only 3'UTR is 808, the number of genes containing only 5’UTR is 238, and the number of genes containing both
3’UTR and 5’UTR is 14,369. The number of single exon genes was 4766.

Gene function prediction. For the gene function prediction, the protein sequences were aligned against
known protein libraries including National Center for Biotechnology Information (NCBI) Non-Redundant (NR),
Swiss-Prot*, InterPro®, and Pfam?® databases using BLAST"® with an e-value <1073 (access time: July 10, 2024).
Blast2GO(v6.0)*” was employed to annotate functions and pathways based on the Gene ontology (GO)* and
Kyoto Encyclopedia of Genes and Genomes (KEGG)? databases (access time: July 10, 2024). A total of 24,749
protein-coding genes were successfully predicted (Table 6 and Fig. 3).

Non-coding RNA annotation. For the non-coding RNA annotation, tRNAscan-SE*® was used for the
tRNA prediction and ribosomal RNAs (rRNAs) were identified by BLAST. miRNA and snRNA were predicted
by using Infernal (v1.1)*! against the Rfam database®. The results of non-coding RNA annotation were shown in
Table 7.
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Type Qv Error rate (%)
assembled genome 46.7778 0.0021

Table 10. Quality value (QV) of the assembled genome.

Data Records

The reads generated in this study have been deposited in the Sequence Read Archive (SRA) under BioProject
accession PRJNA1155221(DNA sequence of Illumina pair-end short reads: SRR30505277°, Hi-C reads:
SRR30505278%, SRR305052793>, SRR30505280°¢, PacBio HiFi reads: SRR30505272%, and RNA-Seq reads:
SRR30505273%, SRR30505274%, SRR30505275%°, SRR30505276%"). The genome assembly have been deposited
in the GenBank database under the accession number JBGVUA000000000%2. The annotation result files have
been deposited in the Figshare database (https://doi.org/10.6084/m9.figshare.28407596)*.

Technical Validation
Various different methods were used to ascertain the completeness and accuracy of the Chelidonium majus
genome. First, The Hi-C heatmap validated the accuracy of the genome assembly by displaying distinct sig-
nals for the 6 pseudo-chromosomes, which indicated their relative independence from one another (Fig. 1).
Second, the benchmarking universal single-copy orthologues (BUSCO) v5.4.5 analysis with the “embryophyta_
0db10” data set further validated the completeness and accuracy of the assembled genome and annotated genes,
achieving a score of 97.6% and 95%, which demonstrates robust annotation quality (Table 8). Third, Illumina
paired-end short reads were aligned to the assembled genome using bwa*!. Results showed that the read map-
ping rate was 98.73% and genome coverage was 99.98%, indicating high consistency between reads and assem-
bled genomes (Table 9).

Finally, the QV (quality value) of the assembled genome calculated by Merqury*® was 46.7778, suggesting
the genome-wide error rate was only 0.0021% (Table 10). All these results suggested this C. majus assembled
genome was of high quality.

Code availability
No custom code was used for this study. All data analyses were performed using published bioinformatics
software, which were thoroughly described in the Methods section.
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