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Abstract

Background: Genome sequencing has been widely used in plant research to construct reference genomes and provide
evolutionary insights. However, few plant species have had their whole genome sequenced, thus restraining the utility of
these data. We collected 1,093 samples of vascular plant species growing in the Ruili Botanical Garden, located in southwest
China. Of these, we sequenced 761 samples and collected voucher specimens stored in the Herbarium of China National
GeneBank. Results: The 761 sequenced samples represented 689 vascular plant species from 137 families belonging to 49
orders. Of these, 257 samples were identified to the species level and 504 to the family level, using specimen and
chloroplast sequences. In total, we generated 54 Tb of sequencing data, with an average sequencing depth of 60X per
species, as estimated from genome sizes. A reference phylogeny was reconstructed with 78 chloroplast genes for molecular
identification and other possible applications. Conclusions: The large dataset of vascular plant genomes generated in this
study, which includes both high-depth whole-genome sequencing data and associated voucher specimens, is valuable for
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plant genome research and other applications. This project also provides insight into the feasibility and technical
requirements for “planetary-scale” projects such as the 10,000 Plant Genomes Project and the Earth BioGenome Project.
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Background

With the advent of next-generation sequencing technologies,
enormous efforts have been made to sequence the whole
genomes of plant species, thereby providing new insights into
plant evolution [1] and new information for improving agricul-
ture yield and stress tolerance [2, 3]. As of November 2018, more
than 350 land plant genomes have been sequenced [4], most of
which are crops (57.7%), model species and their closely related
species (22.3%), and crop wild relatives (17.7%). However, con-
sidering the evolutionary history and diversity of the 391,000
known species of plants [5], limited sequence data are currently
available. The transcriptome sequences of more than 1,000 plant
species have recently been elucidated to better understand plant
evolution, thus also providing valuable resources for other plant
research [6]. However, considering the high proportion of non-
coding regions, studies of plant evolution would benefit from the
generation of further whole-genome sequencing data.

As a key part of the Earth BioGenome project [7], a global ef-
fort called the 10,000 Plant Genomes Project (10KP) has been ini-
tiated to sequence 10,000 plant genomes [8]. The feasibility of
large-scale whole-genome sequencing efforts such as this must
be determined, as well as establishing technical standards for
sampling, sequencing, and data management.

DNA barcoding has emerged as an important molecular tool
for ecological studies, particularly for the rapid identification of
standard specimens [9]. Although it is well suited for studying
historical specimen samples, considering the DNA degradation
in those samples [10, 11], a major drawback is that DNA bar-
coding provides limited genomic information, which is based on
only small fragments of the nuclear or chloroplast genome [12].
To overcome this problem, genome skimming, which is whole-
genome sequencing using second-generation sequencing tech-
nologies, has been proposed [13] to provide more genome se-
quence information for better species identification [14, 15].
However, previous genome skimming studies have only gener-
ated a small amount of sequencing data for individual species.
This precludes the re-use of the data to reveal more detailed
genome features, including genome sizes (for plants with large
genomes), ploidy level, and similar features, or its direct use in
further de novo genome assembly.

Here, we sequenced the genomes of 761 samples, represent-
ing 689 vascular plant species, at high depth (more than 60 Gb
per sample, on average). By making these data freely accessi-
ble and linking them to voucher details stored in the China Na-
tional GeneBank (CNGB) herbarium and Ruili Botanical Garden,
we provide a valuable genomic resource for evolution and diver-
sity research and applications that may reveal new insights into
the evolution of vascular plants.

Data Description
Sampling, sequencing, and data summary

We sampled almost all of the species growing at the Ruili Botan-
ical Garden, Yunnan, China (97◦38′47′′ to 98◦05′57′′ N, 23◦52′42′′

to 24◦09′20′′ E, altitude range 738–1,200 m above sea level, as
shown in Fig. 1)–1,093 vascular plant samples in total. Young

leaves from each sample were used for DNA extraction. Voucher
specimens and images were also collected for these samples. All
specimens are stored in the CNGB herbarium, and voucher in-
formation can be found in Supplementary Table S1 (Additional
files). Collected young leaves were shipped to Shenzhen, China,
on dry ice, and, using the CTAB method [16], good-quality DNA
was extracted from 761 samples.

Whole-genome sequencing libraries were constructed and
then sequenced for each of these samples using a BGISEQ-500
desktop sequencer developed by BGI-Shenzhen in 2015, accord-
ing to the manufacturer’s instructions [17]. This machine uses
DNA nanoball and combinational probe anchor synthesis tech-
nology, developed by Complete Genomics, to generate short
reads on a large scale. Sequencing outputs are comparable with
the Illumina series [18] and have been successfully utilized to se-
quence the human genome [19] and metagenomes [20] and for
variant identification [21].

Approximately 70 Gb of raw sequencing data (100 bp, paired-
end) were generated for each of these samples (Table 1). Raw
reads were filtered using SOAPfilter v2.2 with the following pa-
rameters: –y –p –i 180 –M 2 –Q 10. After filtering low-quality reads
(reads with more than 10% Ns, ambiguous bases; reads with
more than 40% bases having quality lower than 10; reads con-
taminated by adaptors or polymerase chain reaction duplicates),
∼60 Gb of clean data (high-quality reads >Q35) were obtained for
each sample.

Species identification and phylogenetic relationship

Since the specimens collected in this study covered most ex-
tant vascular plant lineages, it was not possible to identify each
sample to the species level in the short time available. We iden-
tified 257 samples to the species level (250 unique species) us-
ing specimen morphology, and the remaining 504 samples were
identified to the family level using specimen and chloroplast se-
quences. Thus, we identified 738 samples from 761 sequenced,
which belonged to 137 families and 49 orders. Among these fam-
ilies, most species belonged to Fabaceae (71 taxa), Poaceae (45
taxa), and Asteraceae (37 taxa), respectively.

We assembled the chloroplast genomes of each species from
clean read data using NOVOPlasty [22], a seed extension-based
de novo assembler. We used the complete coding sequence of
the rbcL gene of Arabidopsis thaliana (downloaded from the NCBI
accession number: U91966) [23] as the seed to conduct the as-
sembly. The NOVOPlasty assembly recovered complete chloro-
plast genomes of 50 species in a single circular sequence. For
the remaining species, the longest contig assembled by NOVO-
Plasty was BLASTed against the chloroplast database (down-
loaded from NCBI, including 2,503 non-redundant species) (Sup-
plementary Table S2) and the resulting best-hit sequences (min-
imum requirement: e-value <10–7 and identity >95%) were used
as references for further assembly using MITObim [24]. Com-
plete chloroplast genomes were eventually recovered for all 689
species, ranging from 113,621 to 183,602 bp in size (see Sup-
plemental data in GigaDB) [25]. Assembled chloroplast genomes
were annotated using DOGMA [26] and GeneWise [27]. Seventy-
two protein-coding genes were found in almost all of these vas-
cular plant families, except the Gnetaceae, Malvaceae, Elaeo-
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Figure 1: Sampling locations of this project. Sampling was conducted mainly in Ruili Botanical Garden in southwest China, near the China–Myanmar border, shown
in red circles.

carpaceae, and Tectariaceae. For Gnetaceae, we were only able to
annotate 52 protein-coding genes in their chloroplast genomes,
which is consistent with previous studies [28].

Assembled chloroplast genomes were then compared and
a phylogenetic tree constructed using RAxML [29] and IQ TREE
[30]. A total of 78 individual coding genes were identified from
738 samples, most of which were present in 710–738 samples
(on average). However, only 18 genes were consistently present
among all the plastid genomes; Gnetales and Pinales lost nearly
all ndh and rps genes (Supplementary Table S3).

Each gene was aligned using MAFFT [31], and each alignment
was then processed with TrimAL [32] using the gappyout op-
tion to remove poorly aligned positions. Gene alignments were
then combined, resulting in 59,695 nucleotide positions. Maxi-
mum likelihood (ML) species trees were constructed using the

RAxML package (version 8.2.4) with the GTRCAT model, 1,000
bootstrap replicates, a random seed number (123 456) selected
for parsimony inferences, and 26 fern samples to root the tree.
ML analyses were also performed with IQ-TREE using the substi-
tution model GTR+F+R10, which was determined according to
the Akaike information criterion and the Bayesian information
criterion by IQ-TREE. With the increase in the amount of phy-
logenetic data, it has become increasingly important to choose
different substitution models for variation in rates and patterns
of substitution among sites. We partitioned 59,695 nucleotide
positions to 78 groups of sites based on gene content, then ap-
plied the edge-linked–equal partition model. However, between
partitions, a separate model was used with the parameter: -m
“GTR+I+G” by IQ-TREE (named IQ-TREE partitions).
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Table 1: Summary of the sequencing data produced in this study.

Order Raw base (Gb) Raw data GC (%) Raw data Q20 Raw data Q30

Alismatales 66.3873 43.64 95.34 86.48
Apiales 70.0075 35.42 96.40 88.40
Araucariales 74.14 32.87 96.50 88.85
Arecales 68.8318 39.95 95.84 87.20
Asparagales 70.3465 37.97 96.16 87.87
Asterales 67.8382 37.41 95.83 87.20
Brassicales 68.474 37.89 95.99 87.45
Buxales 65.44 42.34 95.38 86.00
Caryophyllales 68.6558 38.04 95.73 87.03
Celastrales 75.8133 38.12 96.56 88.57
Commelinales 65.02 36.80 95.58 86.81
Cornales 76.396 36.49 96.44 88.63
Crossosomatales 60.2 37.17 95.36 86.54
Cucurbitales 65.11 35.73 95.50 86.22
Cupressales 73.54 36.12 96.78 89.01
Cyatheales 75.76 41.32 96.64 88.37
Dioscoreales 78.9 41.47 94.99 85.65
Dipsacales 58.6267 37.58 96.22 87.52
Equisetales 67.3 39.98 94.92 84.77
Ericales 68.1109 38.01 96.46 88.02
Fabales 69.9439 35.50 96.14 87.75
Fagales 68.14 36.81 96.13 87.90
Gentianales 70.1155 36.49 96.36 88.27
Gnetales 71.1267 39.77 96.87 89.24
Lamiales 69.3291 37.47 95.94 87.40
Laurales 71.9425 40.22 96.04 87.83
Liliales 71.4133 41.00 96.73 89.15
Magnoliales 69.0988 38.88 96.12 88.01
Malpighiales 68.1842 35.83 96.40 88.23
Malvales 66.2106 37.19 96.26 88.07
Myrtales 70.7924 38.82 96.23 88.20
Oxalidales 68.3533 34.91 95.61 87.20
Pandanales 72.6733 42.07 96.41 88.31
Pinales 61.04 39.56 93.91 82.96
Piperales 63.2533 40.50 96.23 87.84
Poales 69.6407 44.07 95.56 86.73
Polypodiales 68.588 41.39 96.12 87.69
Proteales 69.0733 39.47 96.49 88.23
Ranunculales 67.5644 38.69 95.68 86.80
Rosales 70.0468 36.72 96.36 88.18
Santalales 69.07 38.11 96.47 88.31
Sapindales 70.5628 36.83 96.14 87.89
Saxifragales 70.84 37.74 96.77 89.36
Schizaeales 62.57 43.84 96.83 89.17
Solanales 72.2389 38.38 96.30 87.93
Vitales 65.235 39.17 95.44 86.71
Zingiberales 67.4956 40.57 95.99 87.51

Both RAxML and IQ TREE provided consistent phylogenetic
reconstructions (Fig. 2 and Supplementary Fig. S1). All nodes
in the phylogenetic tree created using the partitioning scheme
were the same as those created when no partitioning scheme
was used in IQ-TREE. The major lineages can be observed as
Fabales, Rosales, Poales, and Malpighiales. Within the Fabids,
Celastrales was shown to be a sister group to the Malpighiales,
other than Oxalidales in this study (bootstrap support [BS] =
100%). For the Petrosaviidae, the major ordinal relationship was
consistent with previous research; like the Liliales, Asparagales,
Poales, Arecales, Commelinales, Pandanales, and Zingiberales,
the earliest branching lineage was Alismatales [33]. Relation-

ships among Gentianales, Lamiales, and Solanales remained un-
clear [34, 35].

In this study, the ML tree provided support for the notion
that the Gentianales are a sister group to the Lamiales (BS =
83%), which in turn is a sister group to the Solanales and Bor-
aginales (BS = 100%). Fifty-four species of Poales were also ana-
lyzed, revealing a close relationship of this group with the Are-
cales, rather than the Pandanales and Dioscoreales.

Genome size, repeat content, and heterozygosity

To ensure the quality and accuracy of the dataset (Table 1), we
conducted several analyses to reveal the basic genomic features
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Figure 2: Phylogeny of vascular plants of the Ruili Botanical Garden based on the maximum likelihood analysis tree of 78 chloroplast genes. Colors in the inner circle

represent different families, and colors in the outer circle represent different orders.

of the vascular plants sampled. By using GCE [36] and kmer-
genie [37] software, and clean data for each species, we esti-
mated genome sizes, repeat content, and heterozygosity (Fig.
3 and Supplementary Table S1). The genome sizes of several
of the tested species have been previously measured and are
publicly available [38] (Supplementary Table S4). We compared
these previous estimates to the genome sizes estimated by k-
mer analysis in this study and found good agreement between
them (R2 = 0.63) (Supplementary Fig. S2). Overall, despite there
being wide variation in the genome sizes of these plants, most of
the families had relatively comparable genome sizes. The most
diverse family in terms of genome size was the Cupressaceae, in
which genome sizes ranged from 0.18 Gb in Cunninghamia lance-
olata (Lamb.) Hook. var. lanceolata to 19.26 Gb in Juniperus pingii
var. wilsonii (Rehder) Silba. On average, repeat content also var-
ied from 10% to 88% between the species sampled, with several

exceptions (Cornaceae, Myrtaceae, and Celastraceae). Myrtaceae
(Myrtales) had the most repetitive genomes (∼88% repetitive
content), while Celastraceae (Celastrales) had the least repetitive
genomes (∼10% repetitive content). There was relatively high
heterozygosity in these species, ranging from 0.15% to 36.6% per
individual, which probably reflects their nature as wild species.

Genome assemblies

Despite having constructed only one sequencing library for each
species, we were able to assemble preliminary genomes for
many of them, reflecting the quality and reuse potential of our
data. Based on estimated heterozygosity and repeat content, we
initially selected 17 species from 17 families with relatively sim-
ple genome content (heterozygosity rate less than 1% and repeat
content less than 50%) for genome assembly. We used SOAPde-
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Figure 3: Ordinal phylogeny of vascular plants of the Ruili Botanical Garden based on “drop-tips” from Fig. 2. Based on the species-level phylogenetic tree, we used the

drop.tip function in the Ape package (version 5.2) to remove the corresponding internal branches. (a) The genome sizes in Gb. (b) Repeat content as percentage of total
genome (%), and (c) the cladogram of the heterozygosity ratio based on 78 chloroplast genes by maximum likelihood phylogeny using only one tip per order.

novo2 [39] (parameters: pregraph-K 35 contig –M 1 scaff) and ob-
tained an average contig N50 of 4.62 kb and an average scaffold
N50 of 32.2 kb for these genome assemblies. Alternanthera ses-
silis (L.) R.Br. ex DC was assembled to contig N50 of 15.2 kb and
scaffold N50 of 95.5 kb, and Senna alata (L.) Roxb. was assembled
to a contig N50 of 14 kb and scaffold N50 of 101.1 kb (Supple-
mentary Table S5). We then carried out Benchmarking Univer-
sal Single-Copy Orthologs (BUSCO) (version 3.0.1) analysis [40] to
find the completeness of these 17 genome assemblies. On aver-
age, genome completeness was found to be ∼89.1%; 1,243 BUS-
COs were complete and single-copy, and 40 BUSCOs were com-
plete and duplicated (from a total of 1,440 BUSCOs). The average
numbers of fragmented and missing BUSCOs were 55 and 101,
respectively (Supplementary Table S6).

Our preliminary assemblies were of good quality, providing
a useful reference for future efforts to establish complete ref-
erence genomes for these plant species. As well as the current
genome assembly effort, work continues to finish the prelimi-
nary assemblies of the other species; these will be deposited and
linked with existing public sequencing data.

Data access and reuse potential

The data generated here includes images, raw sequencing
data, assembled chloroplast genomes, and preliminary nuclear
genome assemblies. All data have been organized and linked to
a top-level accession in the GigaScience GigaDB repository [25],
which contains lists of all the species and links to a page for
each species. Each species has also been assigned a DOI, link-
ing collection number, a digitized image of the plant taken dur-
ing sampling, Sequence Read Archive (SRA) accession number
for the raw data (filed under SRA project number PRJNA438407
[41]), a data file containing the assembled chloroplast genome
sequence in FASTA format (see Supplementary data in GigaDB
repository [25]), and a data file containing the preliminary as-
sembled nuclear genome sequence (the latter is only available
for some species at present but will be updated as each assem-
bly is completed). Voucher specimens are stored in the herbar-
ium of the CNGB. The data reported in this study are also avail-
able in the CNGB Nucleotide Sequence Archive under accession

number CNPhis0000538 [42]. With all the metadata indexed and
linked via Datacite and GigaDB [25], any future updates made
will be traceable records.

The high-depth whole-genome sequencing data, together
with images and voucher specimens, can be reused in differ-
ent ways and will be valuable for future applications. First, fu-
ture evolutionary analysis may be used to study the evolution
of specific genes after assembling them from raw reads, as
well as investigating particular features of plant genome evolu-
tion, including the evolution of repeats, polyploidization, whole
genome duplication, and similar features. Second, the data may
be used to improve future genome assemblies of these plant
species. For example, the information on repeat content, het-
erozygosity, and genome sizes provided here may help to tailor
new sequencing and genome assembly strategies for these plant
genomes. Sequencing data may also be integrated into other
genome assemblies. Using the sequencing data obtained from
this study would make it easier and more efficient to assemble
the remaining sequenced plant genomes. The ∼60 Gb data can
be used for genome assembly, in combination with either con-
tig reconstruction of second-generation-based sequence reads
or for error correction of third-generation long sequence reads.
Finally, this dataset may also be used to develop new meth-
ods of species identification based either on sequencing data
or plant images and to resolve phylogenetic relationships based
on whole-genome sequencing data. At present, we have insuf-
ficient information to identify all species, so we are building a
living plant database that records the position of species grown
in the Ruili Botanical Garden and monitors the status of each
species [43].

In combination with information accumulated in the future,
deep learning may be applied to this dataset as a training tool
to develop plant identification. Indeed, we used data from 175
of the known Ruili species for deep learning, with each sam-
ple contributing 1 million reads to build the model. At the first
trial stage, 181 species have been successfully identified to the
species level using our models. By providing this comprehen-
sive easily and publicly accessible dataset, we believe it would
be reused in many ways beyond what has been mentioned here.
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Discussion

Current understanding of the evolution of plants and their di-
versity in a phylogenomic context is limited because of the lack
of genome-scale information across phylogenetically diverse
species. In this study, we provide a high-depth whole-genome
sequencing dataset comprising 689 vascular plant species with
voucher specimens, covering 137 families and 49 orders. These
samples were obtained from Ruili Botanical Garden in the Yun-
nan Province of China, near the border between China and
Myanmar, reflecting the rich plant diversity in that region. The
data generated here were used to estimate genomic features in-
cluding genome size, repeat content, and heterozygosity, which
will be helpful for future studies aiming to establish reference
genomes for these species. The dataset may also be used to as-
semble chloroplast genomes, as well as some conserved nuclear
genes, thus providing useful information for evolution and gene
function studies.

In this study, we scaled up a whole-genome sequencing effort
to sequence hundreds of plant species. We only constructed a
single short insert library (200 bp) for each species and generated
∼70 Gb of whole-genome sequencing data. Although it would be
insufficient to assemble high-quality genomes for most species
based solely on single library data, the current data have poten-
tial uses in analyses such as such as gene finder, plastid, and
mitochondrial assembly. We are now using these data, in com-
bination with 10X Genomics, to obtain high-quality genome data
for follow-on work including looking at wood development.

This study tested, for the first time, the feasibility of large-
scale whole-genome sequencing, which is already underway
for the Earth BioGenome Project [8] and the 10KP project [7].
It also provided experience of plant sampling, sample logistics
and management, DNA extraction, sequencing library prepara-
tion, sequencing and data analysis, and management. Aiming
to sequence more than 10,000 plant species, 10KP requires a ro-
bust infrastructure for sample and data management, as poten-
tially investigated in this pilot study. We have optimized the DNA
extraction protocol and published it via the protocols.io plat-
form [20]. We will soon launch a DNA extraction kit for high-
molecular-weight genomic DNA that is suitable for 10X Genomic
analysis [16]. We also have just finished writing a guideline on
sample submission for 10KP, which includes sample preparation
(fresh sample, DNA sample, and RNA sample), sample packing,
and shipping. The specific guidelines will be soon available via
the 10KP website [44].

Availability of supporting data

The specimens, leaf samples, and DNA solutions of all collec-
tions are stored at the CNGB herbarium. The raw sequencing
data described in this article are available in the NCBI SRA repos-
itory, under project number PRJNA438407. The data reported in
this study are also available in the CNGB Nucleotide Sequence
Archive under accession number CNPhis0000538. DNA extrac-
tion [16] and BGISEQ-500 whole-genome sequencing library con-
struction protocols can be found via protocols.io [17]. A total of
738 chloroplast genomes and 17 assembled genomes together
with raw data supporting the results presented here are avail-
able via the GigaScience GigaDB repository and will be continu-
ously updated and linked to the GigaDB entries as new assem-
blies are completed [40].

Additional files

Additional file 1: Supplementary Table S1. List of samples in-
cluded in this study, with voucher information, current kmer-
based estimation of genome sizes, repeat content and heterozy-
gosity. Identified collections were listed with species names,
while unidentified collections with only family and order infor-
mation. Samples with assembled chloroplast genomes (738) are
marked with ∗; 17 samples with assembled unclear genomes are
marked with §.

Supplementary Table S2. The chloroplast genome list used
as references for further assembly by MITObim.

Supplementary Table S3. Gene content information for all
assembled chloroplast genomes.

Supplementary Table S4. Genome information previously
measured and publicly available in Plant DNA C-values
Database.

Supplementary Table S5. Summary of preliminary genome
assemblies of 17 species of vascular plant.

Supplementary Table S6. Summary of BUSCO analysis for 17
species of vascular plant.

Additional file 2: Supplementary Fig. S1. Phylogeny of vascu-
lar plants from the Ruili Botanical Garden. Species tree based on
the maximum likelihood analysis of 78 chloroplast genes gener-
ated by RAxML. Colors of the inner circle and outer circle repre-
sent different families and orders. Clade color represents boot-
strap values from red to gray (bootstrap range 50–100).

Supplementary Fig. S2. A comparison of genome sizes mea-
sured by experimental approaches to the k-mer estimated
genome sizes in this study.
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