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Dear Editor,

The tea treeCamellia sinensis, a member of the genusCamellia in

the Theaceae family, includes two major cultivated varieties, C.

sinensis var. assamica (CSA; Assam type) and C. sinensis var. si-

nensis (CSS; Chinese type) (Ming and Bartholomew, 2007). Due

to the high economic importance of the tea tree, considerable

efforts have been made to explore genetic basis of the

biosynthesis of natural metabolites that determine health

benefits and diverse tea flavors (Shi et al., 2011; Li et al., 2015;

Xia et al., 2017; Liu et al., 2019). We first de novo sequenced

and assembled the highly heterozygous genome sequence of

C. sinensis var. assamica cv. Yunkang-10 (CSA-YK10) (Xia

et al., 2017). Subsequently, a draft genome of C. sinensis var.

sinensis cv. Shuchazao (CSS-SCZ) was reported, which was

generated by using the same sequencing platform and then

filling gaps with PacBio long reads (Wei et al., 2018). However,

it remains a great challenge to obtain a high-quality genome as-

sembly of the tea tree, because short Illumina reads and even

hybrid assembly strategies have intrinsic difficulties in generating

the chromosome-level, high-quality de novo assembly of com-

plex large plant genome harboring highly heterozygous and re-

petitive DNA sequences due to its self-incompatibility.

To further investigate the tea tree genome size evolution, we

generated the high-quality chromosome-length reference

genome of C. sinensis var. sinensis by using long-read single-

molecule real-time (SMRT) (�417.95 Gb,�127.66-fold coverage)

and Hi-C (909 454 810 Hi-C reads) sequencing technologies

(Supplemental Tables 1–3). We first employed the Illumina

short-read technology with paired-end libraries on the HiSeq X

Ten sequencing platform to screen 12 representative tea tree

cultivars. We then selected the commercial variety (CSS-BY)

for long-read genome sequencing due to its relatively low hetero-

zygosity (�1.22%). We estimated that the genome size of CSS-

BY is �3.25 Gb using 17-mer analysis (Supplemental Figure 1

and Supplemental Table 1). We obtained a final assembly of

�2.92 Gb, accounting for �89.85% of the estimated genome

size, �2.86-Gb (�97.87%) of which was anchored into 15 pseu-

dochromosomes (Figure 1A and 1F; Supplemental Figure 2;

Supplemental Tables 4–6). The assembly comprised 13 006

contigs with a contig N50 length of �625.11 kb, �9.32-times

longer than the previously reported genome assembly of C. si-

nensis var. sinensis cv. Shuchazao (CSS-SCZ) (�67.07 kb) (Wei

et al., 2018) (Figure 1F). The assembly was composed of 4153

scaffolds with a scaffold N50 length of �195.68 Mb, �140.78-

times longer than the previously reported genome assembly of

C. sinensis var. sinensis cv. Shuchazao (CSS-SCZ) (�1.39 Mb)
(Wei et al., 2018) (Figure 1F). The lengths of 15 chromosomes

of the CSS-BY genome ranged from �253 Mbp (Chr01) to

�128 Mbp (Chr15) with an average size of �190 Mbp

(Figure 1A and Supplemental Table 6).

We predicted a total of 40 812 protein-coding genes (Figure 1F),

of which 34 722 (85.08%) were supported by transcriptome-

based evidence (Supplemental Tables 12–14). The average

gene length and exon number were 6263 bp and 5.2 per gene,

which are much higher than those in CSS-SCZ with 4053 bp

and 3.3 per gene, respectively (Figure 1F and Supplemental

Figure 4). The annotation of noncoding RNA genes yielded 659

transfer RNA, 2845 ribosomal RNA, 471 small nucleolar RNA,

207 small nuclear RNA, and 139 microRNA genes

(Supplemental Table 15). We performed comprehensive

analyses of the CSS-BY and CSS-SCZ genome assemblies

(Figure 1F; Supplemental Table 17; Supplemental Figures 3B,

3C, and 10–12). We observed that, compared with the

previously reported CSS-SCZ genome assembly (Wei et al.,

2018), the SMRT sequencing and assembly strategy has

produced a CSS-BY assembly of superior contiguity containing

accurate long-range information.

Using this new genome assembly of CCSwe annotate function-

ally important gene families such as those involved in the biosyn-

thesis of secondary metabolites. We attempted all 23 gene fam-

ilies encoding enzymes potentially involved in catalyzing

reactions of the flavonoid, theanine, and caffeine pathways

(Supplemental Tables 18–21; Supplemental Figures 13–16) and

produced more reliable annotations of almost all gene families

as compared with the previously reported CSS-SCZ genome as-

sembly (Wei et al., 2018).

The long reads generated by SMRT technology also allow to

characterize almost all transposable elements (TEs) in CSS-BY

genome(Figure 1A and Supplemental Figure 3A). Ty3-gypsy

LTR retrotransposon elements dominate the genome with

�34.11% (�996.15 Mb) of the assembled sequence length,

�7.11-fold larger than Ty1-copia LTR retrotransposon

families (�140.11 Mb; �4.80%) and �2.03-fold larger than

non-autonomous LTR retrotransposon families (�490.84 Mb;

�16.81%) (Supplemental Table 10 and Supplemental

Figure 3A). We classified all full-length LTR retrotransposons

into 8844 families, of which the top 111 families with more than
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Figure 1. The Genome Features of C. sinensis var. sinensis cv. Biyun.
(A) Circular representation of the 15 pseudochromosomes. From outside to inside, the density of genes, the distribution of TEs, Ty3-gypsy LTR retro-

transposons, Ty1-copia LTR retrotransposons, DNA TEs, the density of single sequence repeats, the relative transcript levels for young leaf, tender shoot,

flower bud, fruit, and stem, and genomic synteny are shown.

(B) Insertion times of Ty1-copia (blue), Ty3-gypsy (green), and non-autonomous (yellow) LTR retrotransposons. The insertion times for LTR retro-

transposons were calculated by the formula T = K/2r, where T is insertion time, r is synonymous mutations/site/Myr, and K is the divergence between the

two LTRs. A substitution rate of 5.62 3 10�9 per site per year was used to calculate the insertion times.

(C) Expression levels calculated by transcripts read count of LTR retrotransposon families. All transcripts from five tissues were collected using HISAT2

and StringTie to classify the LTR retrotransposons related transcripts into different LTR families by BLAST. Reads number of each LTR retrotransposon

family were then counted by HTSeq.

(D) Insertion times of LTR retrotransposons. The distribution differences in (B) and (D) were evaluated by Wilcoxon rank-sum test.

(E) Structural features of the four groups of the top TEL001 retrotransposon family.

(F) Global statistics for the assembly and annotation of the two Camellia sinensis var. sinensis genome assemblies.
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10 copies contained 75% full-length LTR retrotransposons and

occupied 36.47% of the genome (Supplemental Table 22). A

total of 13 172 Ty3-gypsy and 4630 Ty1-copia retrotransposon

sequences were extracted to construct phylogenetic trees

(Supplemental Figure 17), yielding 11 lineages, consistent with

previous results (Vitte et al., 2007; Wicker and Keller, 2007;

Llorens et al., 2009; H�ribová et al., 2010). The repetitive nature

of tea tree genome is determined by a handful of LTR

retrotransposon families with extremely high copy numbers; for

example, the amplification of Tat (�671.13 Mb; �22.98%) and

Tekay (�303.84 Mb; �10.41%) of Ty3-gypsy has largely

contributed to the large size of tea tree genome (Supplemental

Figures 3B, 17B, and 20). Notably, incessant bursts of the Tat

lineage predominantly came from eight of the top 12 families,

resulting in �50% of full-length LTR retrotransposons that ac-

counted for �29.65% of this genome assembly (Supplemental

Table 22). The largest family TEL001, for instance, contains

4062 full-length LTR retrotransposons with the longest average

length of 18 204 bp, contributing most to the genome size

(�18.27%) (Supplemental Figure 3B and 3E; Supplemental

Table 22). Meanwhile, Ale, TAR, GMR, Maximus Angela, and

Ivana of Ty1-copia retain full-length LTR retrotransposons, sug-

gesting that Ty1-copia has experienced a long and slow amplifi-

cation history (Supplemental Figures 17A and 20).

The continuous genome assembly provides new insights into

evolutionary dynamics of LTR retrotransposons in the tea tree

genome. The analyses of retrotransposon sequences from the

two major tea tree variety genomes, CSS-BY and CSA-YK10,

showed that they may have experienced a similar evolutionary

history, except that considerably large numbers of retrotranspo-

sons (e.g., Tat and Tekay lineages) were detected in the

SMRT-based CSS-BY genome assembly (Supplemental

Figure 17C and 17D). In sharp contrast to the failure to

assemble the recently generated retrotransposons from the

previously reported CSS-SCZ genome assembly (Supplemental

Figures 18 and 19), the resulting 32 367 full-length LTR retrotrans-

posons account for nearly 18.5% of the assembled sequence

length, allowing us to further date the very recent evolutionary

history of LTR retrotransposons in the CSS-BY genome

(Supplemental Table 11 and Supplemental Table 22). The

expansion of Ty3-gypsy retrotransposon families makes the

genome currently predominate (Supplemental Figure 3D and

3E), such as Tat members of Ty3-gypsy, which have rapidly

amplified during the last 1 million years (Myr) before declining

rapidly (Figure 1D; Supplemental Figures 3E, 20, and 21;

Supplemental Table 22). Surprisingly, the Tekay lineage of Ty3-

gypsy (e.g., TEL005, TEL021, and TEL022) and non-

autonomous LTR retrotransposon families (e.g., TEL004 and

TEL010) (Supplemental Figures 20 and 21; Supplemental

Table 22) were found to be predominant in recently affecting

the dynamic genome size variation (Supplemental Figure 3E). It

is of great interest to observe recent insertions of many single-

copy LTR retrotransposon families, although the retrotransposon

abundance is expectedly governed by recent activities of multi-

copy LTR retrotransposons.

The degree to which non-autonomous LTR retrotransposons

impede the proliferation of autonomous retroelements has crit-

ical evolutionary impacts on the genome size (Zhang and Gao,

2017). We found a rapid and recent propagation of more than
4000 non-autonomous elements (Figure 1B). Of them, some

were derived from autonomous Ty3-gypsy or Ty1-copia

families that have slowly lost internal protein-coding genes.

However, it is problematic to determine the counterpart autono-

mous families for others. TEL001 was selected as an exemplar

to show that partial and/or complete loss of internal protein-

coding genes has resulted in a quick increase of incomplete

autonomous and/or non-autonomous retroelements that have

far exceeded autonomous ancestral elements within the last 1

Myr. Based on structural features of TEL001, 4062 full-length

LTR retrotransposons were classified into the four groups

(Figure 1E and Supplemental Figure 23). Group 1 contains 451

copies with complete sequences of gag and pol (protease

[PR], reverse transcriptase [RT], and integrase [IN]) genes;

group 2 comprises 352 copies with the loss of at least one of

the gag, PR, RT, and IN domains; group 3 had 1063 copies

with only the gag domain; and group 4 includes 2196 non-

autonomous copies without any internal gag and pol genes

(Figure 1E). Due to the dominance of the non-autonomous retro-

elements, the proportion of effective retrotransposition-related

source proteins declines dramatically and insertion rates of the

entire TEL001 family largely decreases most recently

(Figure 1D). In addition, there are many non-autonomous fam-

ilies, such as TEL004, which is a very young family that has un-

dergone a large number of recent insertions (Supplemental

Figure 21). There are also many low-copy and single-copy

non-autonomous families reproduced most recently, together

making the recent inserted non-autonomous elements far

exceed Ty3-gypsy or Ty1-copia copies (Figure 1B;

Supplemental Figures 22 and 24). We then assessed

expression levels of all types of LTR retrotransposons using

Illumina RNA-sequencing data from the five tissues (Figure 1C;

Supplemental Tables 12 and 23). We detected �16.70%

(�7586) of all expressed transcripts and �10.38% of all

mapped reads, on average, for five tissues that are associated

with LTR retrotransposons (Supplemental Table 24). About

63.59% of Illumina reads mapped to multi-copy non-autono-

mous LTR retrotransposon families (e.g., TEL004, �45.88%;

TEL013, �7.03%; TEL019, �2.45%) exhibit notably high levels

of gene expression than Ty1-copia and particularly Ty3-gypsy

families in multi-copy families (Figure 1C and Supplemental

Table 23). Proteins (including gag, PR, RT, and IN domains in

pol) necessary for the retrotransposition were further

annotated. Surprisingly, �94.23% of the expressed LTR

retrotransposon-related transcripts are not related to encoding

gag and pol genes, and only 5.77% of the retrotransposon-

related transcripts mapped to at least one of the aforementioned

genes (Supplemental Table 24). Our findings thus offer more

evidence that recently increased non-autonomous LTR retro-

transposons with high expression levels may limit the efficiency

by reducing the supply of enzymes needed for a successful ret-

rotransposition (Zhang and Gao, 2017).

In conclusion, we have generated a highly continuous and

accurate tea tree genome assembly for CSS-BY by using

SMRT technology combined with Hi-C. This chromosome-level

genome assembly of the tea tree is powerful in identifying all

types of long LTR retrotransposons and characterizing the abun-

dance of retrotransposon diversity, allowing to resolve the nature

of the repetitive landscape of such a large genome. The evolu-

tionary history of very recently augmented LTR retrotransposon
Molecular Plant 13, 935–938, July 6 2020 ª The Author 2020. 937
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families could also be tracked genome-wide by dating bursts of

non-autonomous LTR retrotransposons and measuring their

interaction with autonomous LTR retrotransposons that drove

the evolution of genome size. Such a high-quality reference

genome as the tea tree would be valuable to the broad tea

research community, enabling researchers to not only accurately

obtain functionally significant gene families but also determine

agronomically important traits relevant to the improvement of

tea quality and production.
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