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Abstract

Acanthochlamys bracteata (Velloziaceae) is a resurrection plant with cold tolerance. Herein, a chromosome-level reference genome

of A. bracteata based on Nanopore, Illumina, and Hi-C data is reported. The high-quality assembled genome was 197.97 Mb, with a

scaffold N50 value of 8.64 Mb and a contig N50 value of 6.96 Mb. We annotated 23,509 protein-coding genes. Eight contracted

gene families and three expanded gene families were detected. Repeat sequences accounted for approximately 28.63% of the

genome. TheLEA1and Dehydringene families, whichare involved indesiccation resistance, expanded in A. bracteata. We identified

genes involved in chilling tolerance, COLD1.
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Introduction

Drought resistance is a common trait in land plants and plants

able to withstand extreme drought are called resurrection

plants. Resurrection is an intriguing trait because it arose in-

dependently many times during the course of land plant evo-

lution (Oliver et al. 2000). Plants belonging to Velloziaceae are

characterized by drought resistance (Costa et al. 2017). Most

members of Velloziaceae grow in tropical and subtropical

regions (Mello-Silva 2005), only one species of Velloziaceae,

Acanthochlamys bracteata, grows in a dry-hot river valley with

an elevation of 2,700–3,500 m in Hengduan Mountains,

western China (Kao 1987). The alpine region of dry-hot river

valley in Hengduan Mountains has a special climate charac-

terized by very dry and hot conditions during the daytime with

chilling during the night (Kao 1987). Accordingly, A. bracteata

is not only a resurrection plant (supplementary fig. S1,

Supplementary Material online) but is also a cold-tolerant spe-

cies. Here, we present a chromosome-scale genome assembly

of A. bracteata, determined by a combination of long-read

sequencing and Hi-C scaffolding technologies.

Results and Discussion

Genome Assembly and Annotation

Genome survey sequencing was performed and 67.80 G

(�278.61� coverage) of raw data were obtained. The ge-

nome of A. bracteata was sequenced using Nanopore

(�129� coverage) and paired-end Illumina (�149� cover-

age) technologies. A. bracteata genome was 204.24 Mb

with a k-mer size of 17. We used wtdbg2 (Ruan and Li

2020) for genome assembly with the raw data generated

by PromethION (Eid et al. 2009; Goodwin et al. 2015)
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combined with the assembly generated from Illumina data.

The final assembled genome was 197.97 Mb with a contig

N50 value of 6.69 Mb.

To assemble the scaffolds into pseudochromosomes,

high-throughput chromosome conformation capture (Hi-

C) technology was adopted to assess the chromosome-

level diploid genome. Acanthochlamys bracteata had 38

chromosomes (2n ¼ 38) (Kao et al. 1993). We obtained

40 chromosomes with lengths ranging from 6.43 to

14.91 Mb and a scaffold N50 of 8.64 Mb (contigs

<100 bp were discarded) (fig. 1b, supplementary table

S1, Supplementary Material online). The BUSCO (Simao

et al. 2015) and CEGMA (Parra et al. 2007) assessment

scores were 90.9% and 97.18%, respectively, suggesting

that the assembly was complete and of high quality. The

genome scaffold N50 was 6.96 Mb, which was much bet-

ter than those of the five other sequenced genomes for

resurrection species, further supporting the quality of the

assembly (table 1). The GC content was 35.06%. We

obtained 23,509 predicted protein-coding genes in A.

bracteata (supplementary table S2, Supplementary

Material online), comparable to the number in the genome

of Xerophyta viscosa (Costa et al. 2017). In total, 93.3% of

predicted genes were annotated and considered functional

based on searches against the InterPro, Swiss-Port, NR, and

KEGG databases.
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FIG. 1.—Genome assembly of Acanthochlamys bracteata (a) Circos map with features of the chromosomes of the A. bracteata genome. a, chromo-

somes; b, heatmap representing the average GC content per 5 kb, from blue to red means low GC content to high GC content; c, gene density per 5 kb; d,

links representing the repeats in genome, repeat links above 10 kb in red, and repeat links of more than 5 kb but less than 10 kb in black. (b) Hi-C chromatin

interaction map for the 20 pseudochromosomes of the A. bracteata genome.

Table 1

Properties of five resurrection species genomes

Species Assembly Annotation

Size Chromosomes ContigN50 Contigs GC content Genes TEs

Acanthochlamys

bracteata

197.97 Mb 2n¼ 40 6.96 Mb 873 35.06% 23,509 28.63%

Boea hygrometrica 1,548 Mb Unclear 110 kb 520,969 42.30% 49,374 75.16%

Oropetium

thomaeum

236 Mb 2n¼ 218 2.0 Mb 436 34.86% 28,835 43% (V1)

Selaginella

lepidophylla

122 Mb 2n¼ 20 163 Kb 1,149 unknown 27,204 24.61%

Selaginella

tamariscina

301 Mb 2n¼ 20 407 Kb 1,391 37.44% 27,761 60.58%

Xerophyta viscosa 295.5 Mb 8�¼ 48 1.67 Mb 1,811 con-

tigsþ 896

scaffolds

36.51% 25,425 36.50%
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Repetitive elements accounted for a particularly low pro-

portion of the A. bracteata genome (i.e., 28.63%) compared

with 36.5% in X. viscosa, which belongs to the same family as

A. bracteata. Long terminal repeats (LTRs) were the most

abundant type of interspersed repeats, occupying the majority

(54.9%) of the repeat sequences, followed by DNA transpo-

sons at 12.3%. With regard to noncoding RNA, 231

microRNAs (miRNAs), 1030 transfer RNAs (tRNAs), 333 small

nucleolar RNAs (snRNAs), and 432 ribosomal RNAs (rRNAs)

were predicted in the A. bracteata genome (supplementary

table S3, Supplementary Material online).

Evolution of Gene Families

The protein-coding sequences of nine vascular plants were

clustered, yielding 23,593 orthologous groups that cover

265,123 genes. From these orthologous groups, 6,016

gene families were found in all nine plant taxa and represent

evolutionarily conserved ancestral gene families. In A. brac-

teata, 1,579 genes assigned to 1,020 gene families were

unique. Acanthochlamys bracteata and X. viscosa diverged

approximately 81.8 Ma (supplementary fig. S2,

Supplementary Material online). We identified three gene

families that expanded and eight gene families that con-

tracted in the A. bracteata genome (supplementary tables

S4 and S5, Supplementary Material online). Seven expanded

genes of one gene family coding self-incompatibility protein

S1 (PF05938) were identified in A. bracteata genome (see

supplementary table S4, Supplementary Material online), sug-

gesting that the species might be self-incompatible.

Genes Involved in Cold and Drought Tolerance

LEA (late embryogenesis abundant) proteins accumulate late

in plant seed development and contribute to the response to

abiotic stress conditions (Alpert 2006). We identified LEA

gene families in the genomes of A. bracteata, X. viscosa,

and other species using HMM (Hidden Markov models)

(Majoros et al. 2004). We found 118 putative LEAs divided

into eight families (supplementary fig. S3, Supplementary

Material online). There were substantially more genes encod-

ing LEAs in Velloziaceae than in other species (supplementary

tables S6 and S7, Supplementary Material online). In a com-

parative analysis of these nine species, we found that the

LEA1 and Dehydrin families expanded in the A. bracteata ge-

nome and the LEA4, 5, and 6 families expanded in the X.

viscosa genome.

The COLD1 protein is involved in chilling tolerance (Ma et

al. 2015). We identified the gene encoding COLD1 in A.

bracteata and X. viscosa; however, the COLD1 homologs in

these two species showed substantial divergence in structure

(supplementary fig. S4, Supplementary Material online). We

analyzed the motif structures of COLD1 of A. bracteata and X.

viscosa and found that all essential motifs were present (sup-

plementary fig. S5, Supplementary Material online).

Additionally, the early light-induced protein (ELIP) family plays

important roles in protection against photooxidative damage

under high light conditions in resurrection plants. We identi-

fied seven genes encoding ELIP proteins in A. bracteata, five of

which were tandemly duplicated.

Materials and Methods

DNA Sequencing and De Novo Assembly

Samples for whole-genome sequencing were collected from a

living A. bracteata specimen obtained from Maili Mountain in

Sichuan Province (30�5705600N, 101�70100E), China. High-

quality genomic DNA was extracted using the Qiagen

DNeasy Plant Mini Kit from the leaves of A. bracteata

(Hilden, Germany).

We built four libraries based on the genomic DNA of A.

bracteata. For Nanopore sequencing, genomic DNA was

sheared to a size range of 15–40 kb using a Covaris g-TUBE

device (Covaris). The large fragments were enriched and en-

zymatically repaired and converted into one ONT template

library. These fragments were ligated with hairpin adapters

and cleaned up. The PromethION system was used to se-

quence the genomic DNA of A. bracteata, yielding

31.45 Gb of data (�129.24�). For Illumina sequencing, three

sequencing libraries were generated using Truseq Nano DNA

HT Sample preparation Kit mixed with 1.5lg DNA per library.

The DNA sample was fragmented by Covaris micro-TUBE-50

device (Covaris) to a size of 350 bp, then DNA fragments were

end polished, A-tailed, and ligated with the full-length

adapter for Illumina sequencing with further PCR amplifica-

tion. Finally, these libraries constructed above were se-

quenced by Illumina Hiseq2000 platform and 150 bp

paired-end reads were generated. Among those three librar-

ies, one library is Hi-C Library. Using the Illumina HiSeq2000

platform, approximately 36.35 Gb of data (�149.37�) were

generated in all. The raw reads were further processed using

in-house Perl scripts to remove reads containing adapters,

reads containing ploy-N, and low-quality reads.

We also built another four Illumina libraries based on ge-

nomic RNA to further annotate the genome of A. bracteata.

The genomic RNA from different tissues, such as fruits, flow-

ers, leaves, and bracts. For RNA library construction, a total of

1.5mg RNA was prepared, mRNA was purified from total RNA

using poly-T oligo-attached magnetic beads. And libraries

were generated using the NEBNextUltra RNA Library Prep

Kit for Illumina (NEB, USA). Subsequently, the libraries were

sequenced on an Illumina HiSeq platform to produce paired-

end reads. The raw reads were further processed using in-

house Perl scripts to remove reads containing adapters, reads

containing ploy-N, and low-quality reads.

K-mer was set to 17 for a survey analysis, and the genome

size was approximately 204.24 Mb. The clean data were as-

sembled into contigs using SOAPdenovo2 with a k-mer of 41.
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Raw data generated using PromethION were also assembled

using wtdbg2 v2.5, combined with the SOAPdenovo results.

We used Megablast v2.2.26 and BlobTools v1.1 (Laetsch and

Blaxter 2017) to remove the contamination of genome as-

sembly. Firstly, we used Megablast to align the assembly con-

tigs to the NT database with parameters “megablast -p 0.8 -v

5 -b 5 -e 1e-5 -m 8 -a 12,” and generated file for further

analysis. Then we used BlobTools with default parameters to

remove the contaminations of contigs.

We used Hi-C technology (Lieberman-Aiden et al. 2009) to

assist in the assembly. The high-quality reads in the Hi-C li-

brary were mapped to the draft scaffolds using a fast and

accurate short-read alignment with a Burrows–Wheeler trans-

form (Li and Durbin 2009), and then the duplicated mapping

reads and unmapped reads were removed using SAMtools

v0.1.19 (Li et al. 2009). Based on chromatin interactions, con-

tigs were clustered by using LACHESIS v1.0 (Burton et al.

2013). To assess the quality of the genome assembly, core

gene annotation was performed using the BUSCO

(Benchmarking Universal Single-Copy Orthologs; http://

busco.ezlab.org/, last accessed August 13, 2019) method

and the CEGMA (Core Eukaryotic Genes Mapping

Approach; http://korflab.ucdavis.edu/datasets/cegma/, last

accessed August 13, 2019) method. Illumina reads were

mapped to the draft genome using BWA v0.7.17 (http://

bio-bwa.sourceforge.net/, last accessed August 13, 2019),

and then the integrity of the assembly and the uniformity of

sequencing were evaluated (Li and Durbin 2009; Cock et al.

2010).

Protein-Coding Gene Prediction and Functional
Annotation

Augustus v3.2.3 (Stanke et al. 2004), Geneid v1.4 (Parra et al.

2000), Genescan v1.0 (Aggarwal and Ramaswamy 2002),

GlimmerHMM v3.0.4 (Majoros et al. 2004), and SNAP

v2013.11.29 (Korf 2004) were used for ab initio gene predic-

tion. For homolog prediction, reference proteins were down-

loaded from Ensemble and NCBI. Tblastn v2.2.28 was used to

align protein sequences to the genome with an E-value cutoff

of 1e�5, and the matching proteins were accurately spliced

using GeneWise v2.4.1 (Birney et al. 2004). The RNA-Seq data

from different tissues of A. bracteata (flower, fruit, leaf, and

root), and the transcriptome read assemblies were generated

using Trinity v2.1.1 (Grabherr et al. 2011) for genome

annotation.

Genes predicted by the three methods were merged to

generate a nonredundant reference gene set using the

PASA pipeline (Program to Assemble Spliced Alignment)

(Haas et al. 2003) and EvidenceModeler v1.1.1 (Haas et al.

2008). For functional annotations, Blastp v2.2.28 (with a

threshold E-value of <1e�5) was used to align the protein

sequences to the Swiss-Prot and NR databases, and only the

best-matched targets were collected. InterProScan v5.31-

70.0 (Mitchell et al. 2015) was used to annotate motifs and

domains by searching against ProDom (Corpet et al. 1998),

PRINTS, PFAM, SMRT, PANTTHER, and PROSITE databases.

Gene Ontology (Harris et al. 2004) annotations were obtained

based on the InterPro entries (Mitchell et al. 2015). KEGG

(Ogata et al. 1999) pathway analysis of the gene set was

also performed and the best match for each gene was

identified.

Repeat and Noncoding RNA Annotation

A combined strategy based on homology alignment and de

novo searches to identify whole-genome repeats was applied

in our repeat annotation pipeline. TRF v4.09 (Benson 1999)

was used to identify the tandem repeats in the genome of A.

bracteata. RepeatMasker v4.07 (Smit et al. 2017) was

employed to the repeat homolog prediction by searching

against Repbase (Bao et al. 2015). The repeat regions were

extracted by using an in-house script (RepeatProteinMask)

with default parameters. The de novo repetitive elements

were identified using LTR_FINDER v1.0.7, RepeatScout

v1.0.5 (Smit et al. 2017), and RepeatModeler v1.0.3 with

default parameters, and all repeat sequences with lengths

>100 bp and gap “N” less than 5% were included in the

raw transposable element (TE) library.

A nonredundant library was generated by combining the

repeat database and our TE library. RepeatMasker v4.0.7 was

used for further DNA-level repeat identification. For noncod-

ing RNA annotations, TRNAscan-SE v1.4 (Lowe and Eddy

1997) was used to predict the tRNAs. BLAST and INFERNAL

v1.1.2 (Nawrocki and Eddy 2013) were used to identify

ncRNAs, including miRNAs and snRNAs, by searching against

the RFAM database (Nawrocki et al. 2015).

Phylogenetic Tree Construction

The genomes of A. bracteata and eight other species

(Arabidopsis thaliana, X. viscosa, Ananas comosus, Oryza sat-

iva, Oropetium thomaeum, Asparagus officinalis, Boea

hygrometrica, and Amborella trichopoda) were used to iden-

tify orthologs. To remove redundancy caused by alternative

splicing, only the longest predicted transcript at each gene

locus was retained. To exclude putative fragmented genes,

all genes encoding protein sequences shorter than 50 aa were

filtered out. Then, OthoMCL v1.4 was used setting the infla-

tion parameter to 1.5 ( Li et al. 2003) to analyze the filtered

proteins from all nine species. These single-copy orthologs

were used for phylogenetic tree construction. The alignment

matrix was generated using MUSCLE v3.8.31 (Edgar 2004),

RAxML v8.2.12 (Stamatakis 2014) (http://sco.h-its.org/exelixis/

software.html, last accessed March 13, 2020) was used to

build a maximum likelihood tree. Divergence times between

species were calculated using MCMCtree v4.9 (http://abacus.

gene.ucl.ac.uk/software/paml.html, last accessed March 13,

2020) implemented in PAML v4.9 (Yang 2007) with default
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settings. Based on divergence time estimates in the TimeTree

database (http://www.timetree.org/, last accessed March 13,

2020), calibration points were applied. The pairwise diver-

gence times were as follows: O. sativa–O. thomaeum (42–

52 Ma), A. comosus–O. thomaeum (102–120 Ma), A. como-

sus–A. officinalis (104–125 Ma), A. bracteata–A. comosus

(116–144 Ma), A. thaliana–B. hygrometrica (111–131 Ma),

O. sativa–B. hygrometrica (111–131 Ma), A. comosus–A. tri-

chopoda (173–199 Ma).

Expansion and Contraction of Gene Families

Gene family evolution was evaluated as a stochastic birth and

death process using eight plant species. Orthologous groups

were constructed using OrthoMCL v1.4 (Li et al. 2003) and

the number of genes of spices used in supplementary table

S8, Supplementary Material online. Expansions and contrac-

tions of orthologous gene families were determined using

CAFE v4.2 (Han et al. 2013) with a P-value cutoff of 0.05.

The phylogenetic tree topology and branch lengths were in-

put to infer the significance of changes in gene family size

along each branch.

Identification of LEA, ELIPs, and Homologs of Cold
Tolerance Proteins

The Hmmsearch script from the HMMER3.1 package (Finn, et

al. 2011) was used to identify LEA homologs in the genome of

A. bracteata. Mafft v7.402 (Katoh et al. 2002) was used to

build a matrix of all full-length amino acid sequences.

Maximum likelihood trees were constructed using IQtree

v1.6.10 (Nguyen et al. 2015) with the best-fit WAGþIþG4

model and 1000 bootstrap replicates (Costa et al. 2017).

Tblastn v2.2.28 was used to identify ELIPs with A. thaliana

ELIP1 (P93735) and ELIP2 (Q94K66) as queries and an E-value

cutoff of 1e�5. Blastp v2.2.28 was used to identify homologs

of COLD1. Hmmpress v3.1 and Hmmscan v 3.1 were also

used for searches. Only the results generated by both

Hmmscan v3.1 and Blastp v2.2.28 were considered homologs

of COLD1.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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