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. XiaoWei®, Xing Wu“™, Sheng-Feng Chai®™ & Hai-FeiYan234%

. Camellia nitidissima is the model species of the Camellia sect. Chrysantha Chang, the only lineage

. within the genus Camellia known to produce golden-yellow flowers. This species holds high aesthetic,

. germplasm and medical value. Unfortunately, due to excessive collection and habitat loss, C. nitidissima
is classified as a critically endangered plant. In this study, we assembled a telomere-to-telomere (T2T)
genome of C. nitidissima by incorporating PacBio HiFi and Hi-C data. The assembled genome consisted
of 15 pseudo-chromosomes, with a total size estimated to be 2.72 Gb. The GC content and repetitive
sequences occupied 38.05% and 84.38% of the assembled genome, respectively. In total, 35,701
protein-coding genes were annotated. Multiple evaluation methods confirmed the contiguity (contig
N50: 81.74 Mb), completeness (BUSCOs: 98.80%) and high LTR Assembly Index (LAI: 14.57) of the
genome. This high-quality T2T genome will provide valuable insights into the genomic characteristics of
C. nitidissima and facilitate conservation efforts as well as functional genomic studies in Camellia sect.
Chrysantha species.

Background & Summary
Camellia sect. Chrysantha Chang, belonging to the family Theaceae and genus Camellia, is recognized for its
striking golden-yellow flowers and is often referred to as the “Queen of the Tea Family” and the “Giant Panda
of the Plant”'-°. Members of sect. Chrysantha possess considerable ornamental value, and some species also
exhibit medicinal properties'~>. All members within this section are classified as rare and endangered plants,
and are designated as Class II protected plants in China (https://www.gov.cn/zhengce/zhengceku/2021-09/09/
content_5636409.htm). In recent years, the wild populations of sect. Chrysantha species have suffered extensive
: damage, highlighting the urgent need for conservation efforts>*%”. Genomic studies on the genus Camellia have
. predominantly focused on sect. Oleifera Chang Tax., sect. Thea (L.) Dyer, sect.Camellia (L.) Dyer and sect.
. Furfuracea Chang Tax.%-°. To date, only one genome of C. limonia in sect. Chrysantha has been reported!”, while
© no genome data is publicly available at present. The limited availability of genomic data has hindered compre-
* hensive investigation into the evolutionary and conservation genomics of the sect. Chrysantha.
Camellia nitidissima Chi, a member of Camellia sect. Chrysantha, is endemic to the southern region of
Guangxi, China, and Northern Vietnam?®™. This species is characterized by its golden-yellow flowers, with sig-
. nificant ornamental value (Fig. 1). C. nitidissima is rich in bioactive compounds such as polyphenols, polysac-
charides, flavonoids, saponins, and alkaloids, conferring extensive medicinal properties’*>!#1%. Pharmacological
investigations have indicated that C. nitidissima possesses antioxidant, hypoglycemic, hypolipidemic, anti-tumor
. and other pharmacological activities>**~%*. However, the species faces threats from climate change, leading to
. habitat loss, as well as human activities such as excessive collection. In 2020, C. nitidissima was designated
- as a Critically Endangered (CR) species in China. Therefore, the generation of a high-quality genome of
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Fig. 1 Example photo captions for different blooming stages of Camellia nitidissima. (a) flower bud initiation
stage, at the onset of bud development, newly emerging flower buds are green. (b) early flower bud stage, the
bud transitions to a yellow hue. (¢) flower bud enlargement stage, the bud continues to grow and enlarge,
turning a golden yellow as it approaches anthesis. (d) early flowering stage, the petals gradually unfurl as the
flower begins to open. (e) blooming stage, the petals are fully expanded, marking the full anthesis.

C. nitidissima is essential for promoting its conservation and utilization, as well as for clarifying the phylogenetic
relationships and their evolutionary histories among species within the genus Camellia.

In this study, we successfully assembled and annotated the T2T genome of C. nitidissima, using PacBio HiFi
reads, next-generation sequencing (NGS) reads, high-throughput chromosome conformation capture (Hi-C)
reads, and RNA-seq reads. After assembly, closing gaps and assessment, we attained the T2T assembly of 2.72 Gb,
containing 15 pseudo-chromosomes, with a contig N50 of 81.74 Mb, a scaffold N50 of 187.52 Mb, a BUSCO
completeness score of 98.80%, and a LTR Assembly Index (LAI) of 14.57 (Fig. 2, Tables 1-3 and Supplementary
Tables S1, S2). Additionally, we performed a synteny analysis with genomes from other Camellia species, and
all pseudo-chromosomes exhibited highly continuous synteny (Supplementary Fig. S1). Both telomeres were
recognized in 12 pseudo-chromosomes, while a single telomere was found in each of the remaining three
pseudo-chromosomes (Table 2). We further predicted the centromere regions of all 15 pseudo-chromosome
(Fig. 2 and Supplementary Table S3).

Annotation of repeat elements revealed that 84.38% (~2.30 Gb) of the C. nitidissima genome comprises
repeat elements, with long terminal repeat (LTR) retrotransposon accounting for 51.14% (1.39 Gb) of the
genome (Table 1 and Table 3). This is relatively high in Camellia genomes, which have a repeat content rang-
ing from approximately 69.03% to 86.60%°'°. The extensive presence of LTRs in C. nitidissima suggests an
active transposable element landscape, potentially contributing to genome expansion. Our analyses predicted
a total of 35,701 protein-coding genes and 42,715 transcripts (Table 1). We performed functional annotation
for all gene transcripts in the genome using multiple databases. The results showed that out of 42,715 proteins,
41,510 proteins (97.18%) were annotated at least once. Among them, 36,727 proteins (85.98%) were annotated
by Gene Ontology (GO), and 21,460 proteins (50.24%) were annotated by KEGG Orthology (KO) (Table 1
and Supplementary Table S4). We further analyzed the genes potentially affected by LTRs and their functions
(Supplementary Table S5 and Fig. S2). Based on whether LTRs are located within 1 Kb or 5 Kb upstream or
downstream of the genes, we found that more than half of the genes were influenced by LTRs. These genes exhibit
diverse functions, suggesting potential roles in species growth and adaptation (Supplementary Table S5 and
Fig. S2). Overall, the characterization of the genome revealed previously unknown features of the C. nitidissima
genome (Fig. 2, Tables 1-3, Supplementary Fig. S1 and Tables S1-S4). The assembly demonstrates important
improvements in contiguity and completeness, enabling more accurate analyses of genomic structure and func-
tion. The high-quality genome assembly not only provides a valuable resource for conservation genomics but
also facilitates deeper insights into the evolutionary dynamics of Camellia species.
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Fig. 2 Features of the Camellia nitidissima genome. (a—g) Circular tracks represent, from outer to inner, 15
chromosomal-level scaffolds (Chr01-Chr15), percentage of repeats (0%-100%), Gypsy (0%-99.96%), Copia
(0%-99.80%), gene density (0-26), GC content (23.39%-61.69%) and the spectrum of collinear analysis (each
line connects one pair of homologous genes and a cluster of such lines represents one collinear block). All
statistics are calculated in 200-Kb windows. (h) The Hi-C heatmap of the Camellia nitidissima genome. Each
box represents a pseudo-chromosome. (i) Long-read mapping coverage of all pseudo-chromosomes. (j) Short-
read mapping coverage of all pseudo-chromosomes.

Methods

Sample collection and sequencing. The C. nitidissima sample was collected from Nawan Village (N21.7908,
E108.1921), Fangcheng District, Fangchenggang City, Guangxi Zhuang Autonomous Region, China. The sampled
individual of C. nitidissima was mature wild plant. Tissue samples, including fresh young leaves and flowers, were
immediately frozen in liquid nitrogen after collection and preserved at —80 °C for further DNA and RNA extraction.

The frozen samples were sent to Novogene Co., Ltd. (Tianjin, China) for genomic DNA and RNA extraction
and sequencing. Specifically, total DNA was extracted using a plant genomic DNA extraction kit (Novogene)
and assessed via 0.75% gel electrophoresis experiment on an Agilent 4200 TapeStation system. The main band
of the DNA was observed to be greater than 30kb, indicating high completeness. DNA purity and concentration
were evaluated using a NanoDrop One UV-Vis spectrophotometer and a Qubit 3.0 fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA), respectively.

We utilized Single Molecule Real-Time (SMRT) sequencing technology to generate highly accurate long-read
sequencing data (HiFi reads) based on the advanced PacBio Revio sequencing platform. A PCR-free SMRT bell
library was prepared, and HiFi reads were generated using Circular Consensus Sequencing (CCS) mode. This
sequencing approach yielded consensus sequences from multiple subreads of the same DNA molecule with
quality scores exceeding 99%. A total of 90.67 Gb of data (~33.3 x coverage) was obtained from 4,895,607 high
accuracy HiFi reads, with a mean read length of 18,497 bp.

For next-generation sequencing (NGS), a short-read library (2 x 150bp) with an insert size of 300-500 bp
was prepared using the TruSeq Nano DNA HT Sample Preparation Kit. Sequencing was conducted on an
Illumina Novaseq system, producing 730,591,634 paired reads with 219.18 Gb (~80.6 x coverage) of raw data.

To achieve a chromosome-level assembly, we utilized high-throughput chromosome conformation capture
(Hi-C) technology to generate interaction signals among adjacent sequences, facilitating the scaffolding of con-
tigs into chromosomes. The Hi-C library was constructed from cross-linked DNA after digestion, biotinylation,
ligation, enrichment, shearing, blunt-end repair. The size and the integrity of the insert fragments in the Hi-C
library was subsequently evaluated using an Agilent 2100 Bioanalyzer. Additionally, quantitative PCR (qPCR)
was employed to precisely quantify the effective concentration of the library, with a threshold of >2nM consid-
ered acceptable. Sequencing of the qualified Hi-C library, with pair-end read lengths of 150 bp, was conducted
on the Illumina Novaseq 6000 platform, resulting in a total of 151.67 Gb (~55.8 x coverage) of Hi-C data.

For transcriptome sequencing, three pair-end RNA libraries (2 x 150bp) were prepared according to the
TruSeq RNA Library Preparation Kit instructions and sequenced on the Illumina Novaseq 6000 platform, yield-
ing 3.54 Gb, 3.65 Gb and 11.78 Gb of RNA-seq data for the leaf and flower samples, respectively (Table 1). All
sequencing was conducted at Novogene Co., Ltd. (Tianjin, China). For NGS, Hi-C, and RNA-seq data, adapters
and low-quality reads were removed using fastp v0.23.3%.
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Category Camellia nitidissima
Assembled contigs 561
Contigs (>50000bp) 247
Total contig size (bp) 2,834,860,250
Largest contig (bp) 226,869,717
Contig N50 (bp) 81,738,692
Contig N90 (bp) 35,337,314
Contig L50 13
Contig L90 33
Assembly GC content (%) 38.31
Total scaffolding length (bp) 2,834,865,050
Number of scaffolds 572
Scaffold N50 (bp) 187,518,794
Cumulative length of chromosomes (bp) 2,720,093,003
Number of chromosomes 15
Longest chromosome (bp) 226,869,817
Shortest chromosome (bp) 130,101,769
GC content (%) 38.05
Completeness BUSCOs (%) 98.80
LAI (LTR Assembly Index) 14.57
Tllumina mapping rate (%) 98.56
Assessment Ilumina breadth of coverage (%) 99.99
Tllumina average depth (rmdup) 77.57
Long reads mapping rate (%) 99.83
Long reads breadth of coverage (%) 99.99
Long reads average depth (rmdup) 32.64
Repeat contents (%) 84.38
Number of genes 35,701
Number of transcripts 42,715
Annotation Average coding length (bp) 1,210.3
Average number of exons per gene 5.23
Number of genes with GO annotation 36,727
Number of genes with KEGG annotation 21,460

Table 1. Summary of assembly, assessment and annotation information for the Camellia nitidissima genome.

Estimation of genome profiles. The k-mer frequency distribution was calculated using Jellyfish v2.3.0 (-m
21)% with the NGS data. The resulting file was utilized to predict genomic features using GenomeScope v2.0%,
with k-mer and read length set at 21 and 150, respectively. The ploidy level and max_kmercov were set to 2 and
1 x 107. Based on this analysis, the genome of C. nitidissima was estimated to be 2,632.29 Mb, with a heterozygo-
sity rate of 1.12% (Model Fit: 94.96%).

Chromosome-level genome assembly. The genome was assembled using Hifiasm v0.19.9%” with
default parameters, which leverages long-read sequencing data (i.e. Pacbio HiFi reads) and Hi-C data to pro-
duce high-quality single-sample telomere-to-telomere assemblies. The assembled draft genome was 2834.86 Mb,
consisting of 561 contigs with a contig N50 length of 81.74 Mb (Table 1). Hi-C reads were subsequently aligned
to the draft genome, identifying 165,831,057 valid interaction paired signals using HiC-Pro v3.1.0 pipeline?.
The aligned BAM file was sorted and the PCR duplicates were marked using biobambam?. The draft genome
assembly was scaffold into chromosomes based on the Hi-C interaction information using Yahs*® with default
parameters, followed by manual adjustments made in Juicebox v1.11.08%". Gaps in the genome assembly were
processed using QuarTeT v1.2.1%, utilizing draft assembled contigs (including primary contigs and both hap-
lotype contigs). A total of 14 gaps were closed, resulting in a filled length of 1,130,719 bp; after gap-filling, 25
gaps still remained. Telomeres of each pseudo-chromosome were identified using the TeloExplorer function in
QuarTeT v1.2.1%2. The detection of continuous telomeric repeat (AAACCCT) structures within 10,000 base pairs
at both ends of a pseudo-chromosome is considered to indicate the presence of telomeres (Table 2). Centromeres
of each pseudo-chromosome were identified using the Centromics v0.4 (https://github.com/ShuaiNIEgithub/
Centromics; Supplementary Table S3).

The final genome assembly was 2.83 Gb in length and consisted of 572 scaffolds, with a scaffold N50
length of 187.52 Mb (Table 1). A total of 95.95% (2.72 Gb, 55 scaffolds) of the sequences were anchored to 15
pseudo-chromosomes. The lengths of individual chromosomes ranged from 130.1 Mb to 226.87 Mb (Table 1).
The circular plot of chromosomes was visualized by Circos v0.69-8% (Fig. 2). GC content of the genome was
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Chrid Chrlength (bp) | Status Leftnum | Left direction | Right num | Right direction
Chr01 226,869,817 right 0 / 147 -
Chr02 211,477,848 both 519 + 332 —
Chr03 203,026,860 both 658 + 282 -
Chr04 197,457,834 both 444 + 317 —
Chr05 190,254,444 both 704 + 44 -
Chr06 188,766,305 right 0 / 54 -
Chr07 188,465,104 both 95 + 26 -
Chro08 187,518,794 both 374 + 59 -
Chr09 184,644,962 both 1099 + 658 -
Chr10 180,037,700 both 47 — 270 —
Chrll 165,004,885 right 0 / 16 +
Chri12 156,687,462 both 27 + 39 —
Chr13 155,067,501 both 168 + 11 —
Chrl4 154,711,718 both 697 — 543 —
Chr15 130,101,769 both 389 + 14 —

Table 2. Summary of telomere information for the Camellia nitidissima genome.

Class Count Total Length (bp) Pro. of genome
Caulimovirus 23,694 37,059,367 1.36%
Copia 293,223 243,713,619 8.96%
ERV1 4,107 742,458 0.03%
LTR ERVK 2,974 2,388,162 0.09%
Gypsy 882,066 1,091,978,273 40.14%
Ngaro 2,196 420,568 0.02%
Unclassified 28,635 14,650,551 0.54%
Total 1,236,895 1,390,952,998 51.14%
L1 108,148 56,462,538 2.08%
LINE RTE-BovB 51,948 13,921,059 0.51%
Unclassified 17,239 5,194,770 0.19%
Total 177,335 75,578,367 2.78%
CMC-EnSpm 25,219 17,762,648 0.65%
Crypton-H 860 316,214 0.01%
hAT-Ac 13,578 8,767,452 0.32%
hAT-Tagl 6,347 2,751,366 0.10%
hAT-Tip100 24,218 7,619,077 0.28%
IS3EU 989 607,553 0.02%
Merlin 2,185 1,636,605 0.06%
DNA MULE-MuDR 92,106 68,816,529 2.53%
P 773 392,028 0.01%
PIF-Harbinger 22,582 12,209,824 0.45%
PIF-ISL2EU 1,443 199,586 0.01%
TcMar-Pogo 2,297 3,983,768 0.15%
TcMar-Tcl 1,835 687,945 0.03%
Zisupton 8,666 1,293,549 0.05%
Unclassified 4,415 1,101,547 0.04%
Total 207,513 128,145,691 4.71%
Rolling Circle Helitron 72,356 22,326,595 0.82%
Low Complexity 84,998 4,635,620 0.17%
Satellite 48,503 86,205,773 3.17%
Other
Simple Repeat 597,466 22,688,389 0.83%
Total 730,967 113,529,782 4.17%
Unknown 1,549,239 561,734,951 20.65%

Table 3. Summary of repetitive regions of the Camellia nitidissima genome.
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calculated using bedtools v2.31.1%, revealing that individual chromosomes had GC contents ranging from
36.60% to 38.88%, with an overall mean of 38.05% (Fig. 2).

Repeat and gene annotation. The transposable element (TE) annotation pipeline EarlGrey v4.4.5% was
employed to identify multiple repeat elements in the C. nitidissima genome. EarlGrey generated a non-redundant
transposable element (TE) library using RepeatModeler, and subsequently utilized RepeatMasker to obtain TE
annotation results for the C. nitidissima genome based on this TE library. Meanwhile, EarlGrey employed LTR _
FINDER to identify full-length LTR retrotransposons with intact structures.

A total of 3,974,305 repetitive sequences were identified, representing 84.27% (~2.29 Gb) of the genome
(Table 3). Among these repeats, LTRs were the most prevalent, constituting 51.14% (1.39 Gb) of the genome
(Table 3). Gypsy elements (40.14%) were the predominant LTRs, followed by Copia elements (8.96%). The total
lengths of the non-LTR elements LINE and DNA transposons were 75.58 Mb and 150.47 Mb, respectively. These
elements accounted for 2.78% and 5.53% of the genome (Table 3).

The transposable element (TE) library generated by EarlGrey can facilitate the production of a soft-masked
genome. Gene prediction and functional annotation for the soft-masked genome were performed using de
novo, homology protein-based, and transcriptome-based methods via the Braker3 v3.0.8% pipeline with default
parameters. RNA-seq data were mapped to the C. nitidissima genome using HISAT2% spliced aligner to gen-
erate sorted bam files. These RNA-Seq alignments, along with curated proteins from OrthoDB v10 database,
were utilized to train gene prediction models using GeneMark-ETP? and Augustus®. Subsequently, these data
were employed to achieve reliable predictions of protein-coding genes, with TSEBRA* producing a combina-
tion results. For functional annotation, the predicted genes were queried against public databases, using the
InterProScan v5.62-94.0*!, EggNOG-mapper v2.1.11*>, PANNZER2%, and Mercator4* pipelines.

In total, 35,701 genes encoding 42,715 proteins were predicted, distributed across the genome with an aver-
age length of 76,190.95bp per gene, with a mean coding length of 1210.3bp (Table 1). On average, each gene
consists of 5.23 exons (Table 1). Among the 35,701 protein-coding genes, 35,201 (98.60%) were functionally
annotated using the online EggNOG-mapper pipeline (http://eggnog-mapper.embl.de/), of which 16,793 genes
(accounting for 47.03%) were classified into 11,492 GO terms, and 16,212 genes (occupying of 45.40%) were
classified into 4,079 KO terms (Table 1). The collinear gene pairs and blocks were identified using MCScanX
-master®® (Fig. 2).

Data Records

The raw data, including Illumina short reads, HiFi reads, Hi-C reads, and RNA short reads, has been deposited to
the Genome Sequence Archive (GSA) in the National Genomics Data Center (NGDC), China National Center
for Bioinformation (CNCB)***” with the accession number of CRA023969* under BioProject PRJCA034778.
The final genome assembly, annotation, and protein-coding sequences are accessible via Figshare*’ and have
also been uploaded to the Genome Assembly Sequences and Annotations (GWH) in NGDC with the acces-
sion number of SAMC4541821° under the BioProject PRJCA034778%!, The genome assembly has also
been submitted to the National Center for Biotechnology Information (NCBI) with the accession number of
JBMIOJ000000000° under BioProject PRINA1240963.

Technical Validation

Multiple methods were used to evaluate the quality of the C. nitidissima genome. First, the Hi-C data visual-
ized by HiCExplorer> showed high consistency across all 15 pseudo-chromosomes, confirming the accuracy
of the ordering and orientation (Fig. 2). Second, the Pacbio HiFi reads and Illumina NGS reads were mapped
to the assembly using minimap2°4*® with the parameters “-ax map-hifi” and “-ax sr’, respectively. The mapping
rate, mean depth, and breadth of coverage was calculated using SAMtools v2.5.1°¢ with custom scripts. A total
of 99.83% of the HiFi reads and 98.56% of the NGS reads were successfully aligned (Table 1). The breadth of
alignment coverage of these two datasets across the genome reached as high as 99.99% (Table 1). Third, BUSCO
v5.6.1°7 was used for the evaluation of assembly completeness of the genome with the embryophyta_odb10
database. The complete BUSCOs for C. nitidissima were 98.80% (Table 1). Additionally, the genome quality
was evaluated by calculating the LTR assembly index (LAI) using the LTR_retriever v3.0.1°*%, yielding a LAI
value of 14.57 (Table 1). Overall, these results demonstrated the high quality, accuracy, and reliability of the C.
nitidissima reference genome.

Code availability
All software and programs used in this study were described and cited in the Methods section. If no detailed
parameters were mentioned, default parameters were used.
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