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ABSTRACT

Dendrobium officinale Kimura et Migo is a traditional Chinese orchid herb that has both ornamental value

and a broad range of therapeutic effects. Here, we report the first de novo assembled 1.35 Gb genome se-

quences for D. officinale by combining the second-generation Illumina Hiseq 2000 and third-generation

PacBio sequencing technologies. We found that orchids have a complete inflorescence gene set and

have some specific inflorescence genes. We observed gene expansion in gene families related to fungus

symbiosis and drought resistance. We analyzed biosynthesis pathways of medicinal components of

D. officinale and found extensive duplication of SPS and SuSy genes, which are related to polysaccharide

generation, and that the pathway of D. officinale alkaloid synthesis could be extended to generate 16-

epivellosimine. The D. officinale genome assembly demonstrates a new approach to deciphering large

complex genomes and, as an important orchid species and a traditional Chinese medicine, the

D. officinale genome will facilitate future research on the evolution of orchid plants, as well as the study

of medicinal components and potential genetic breeding of the dendrobe.
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INTRODUCTION

Dendrobium is the second largest genus afterBulbophyllum in the

Orchidaceae, and more than 1000 species with high ornamental

and medicinal values have been identified (Shao et al., 2004;

Takamiya et al., 2011), distributed across Asia, New Guinea,

and Australia (Fernando and Ormerod, 2008). Of these, 74

species have been identified in China (Takamiya et al., 2011).
922 Molecular Plant 8, 922–934, June 2015 ª The Author 2015.
Dendrobium species are either epiphytic or lithophytic with

frequent buds and aerial roots (Ng et al., 2012). Most are cross-

pollinated, and within the same species, the maturation times

of pollen and stigma are often different, further enhancing
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cross-pollination (Slater and Calder, 1988). Stems of some

Dendrobium species contain compounds that exhibit

antioxidant and antitumor activities, which makes them valuable

as traditional medicines used for relieving stomach upsets,

promoting body fluid production, nourishing ‘‘yin,’’ and

antipyresis (Takamiya et al., 2011; PPRC, 1997). The extensive

use of Dendrobium materials in health care (Halberstein, 2005;

Shoemaker et al., 2005; Wojcikowski and Gobe, 2014) has

greatly increased the demand for Dendrobii Herba (a medicinal

product from Dendrobium), resulting in severe depletion of the

wild resources of Dendrobium. Dendrobium officinale Kimura et

Migom has been reported as ‘‘one of the most famous

Dendrobium in China’’ since the Tang dynasty about 1300 years

ago. Because of its health benefit and its slow growth cycle,

wild D. officinale, like many other Dendrobium species, has

been exploited to near extinction and is now classified as one

of the rare and endangered medicinal plants of China (Xi et al.,

2010). To date, several molecular and analytical methods

have been applied in the identification and genotyping of

Dendrobium species (Yukawa et al., 1996; Lau et al., 2001,

Zhang et al., 2003b; Asahina et al., 2010 and Takamiya et al.,

2011). However, none has taken genome sequencing of the

Dendrobium into account. In this genomic era, deciphering

genomes of medicinal herbs is a vital step in understanding and

improving these poorly investigated herbs. So far, only the

genome of the medicinal mushroom Ganoderma lucidum has

been reported (Chen et al., 2012), while the genome of

Dendrobium species has yet to be fully sequenced. In this

study, we report the first genome draft of D. officinale. Because

of its heterozygosity, the Dendobrium genome is difficult to

assemble; we adopted both second-generation sequencing

(SGS) and third-generation sequencing (TGS) technologies in

the assembly of the D. officinale genome.
RESULTS AND DISCUSSION

SGS, TGS, and Assembly

In this study, we report the assembly of the first draft genome of

D. officinale. We sequenced the genome of an F3 generation

artificially selfing dendrobe strain named GREEN collected

from a farmer in the city of Puer (Figure 1A) in the Yunnan

province of China, using the Illumina Hiseq 2000 SGS system.

De novo assembly of 168.98 Gb (Supplemental Tables 1

and 2) clean reads from a paired-end and mate-pair library

generated a genome draft of D. officinale with a total length of

1.66 Gb, and a contig and scaffold N50 size of 9572 bp and

40.14 kb, respectively (Table 1) using SOAPdenovo (Li et al.,

2010). Genome sizes can be inflated when there is a high

repeat content and heterozygosity (Tenaillon et al., 2011). This

statement has proven true for this assembly because our flow

cytometric analysis put the estimated genome size of

D. officinale at about 1.27 Gb (Supplemental Figure 2). We also

tried to use another de Bruijn graph-based assembler

ALLPATH-LG (Gnerre et al., 2011) to conduct an initial

assembly but the result was not better than those obtained

above (Supplemental Table 3).

Toovercomepossible high repeat content andheterozygosity,we

devised a new genome assembly pipeline combining Illumina

data, 103 coverage PacBio raw data, error correction of the raw
PacBio reads with the Illumina data, and several gap-filling

(PBJelly andSOAPGapCloser) andscaffolding tools (SOAPscaf-

folding, SSPACE) (detailed in Supplemental Figures 3 and 4) (Li

et al., 2008; Au et al., 2012; Boetzer et al., 2011). This pipeline

resulted in a genome assembly of the first version (V1.0) of the

D. officinale draft genome with respectable assembly metrics

for a 1.35 Gb complex genome with contig and scaffold

N50 size of 25 122 bp and 76 489 bp respectively

(Figure 1B and 1C, Table 1). Quality assessment of the

assembly resulted in an Illumina data mapped ratio higher

than 94%, indicating that most of the Dendrobium genome

was assembled (Supplemental Tables 4 and 5). A comparison of

the Dendrobium genome annotation against a set of

core eukaryotic genes using the core eukaryotic genes mapping

approach (CEGMA) (Parra et al., 2007) showed that 227 (91.5%)

were represented (Supplemental Table 6). The assembled

D. officinale genome contained 5 432 657 SNPs and 387 615

indels, with a gap proportion of about 5.97% (Supplemental

Table 7), resulting in 0.48% heterozygosity (Supplemental

Table 8).

Compared with other complex plant genomes with similar repeat

content and degree of heterozygosity, which were deciphered

mainly by short-gun first-generation or SGS (Ming et al., 2008;

Schnable et al., 2009; Van Bakel et al., 2011; Peng et al., 2013),

the scaffold N50 size of the D. officinale genome assembly is

lower than papaya and moso bamboo, but the contig N50 is

larger, which is good for gene annotation (Table 2). Regarding

the relatively short scaffold N50 length, it could probably be

caused by dispersed and frequent repeats in the genome,

which make it difficult to anchor both ends even for long insert

mate pairs and thus may result in disruption of the scaffold

extension. However, the contig and scaffold N50 of assembled

D. officinale genome are close to the first maize reference

genome (Schnable et al., 2009), which was sequenced by the

Sanger BAC by the BAC method, indicating that the SGS and

TGS hybrid method provides a new and cost-effective alternative

for de novo sequencing and assembly of large complex ge-

nomes. In addition, the development of a time-saving algorithm

to correct PacBio reads with SGS reads will further enhance

the merit of this technique.
Genome Annotation

A combination of de novo and homology-based gene prediction

(Guo et al., 2013) generated an official gene set including 35 567

protein-coding genes (Supplemental Table 9) in the D. officinale

draft genome, after which the structure of the genes was

refined with transcriptome data. Gene functions were assigned

according to the best match of the alignments using Blastp to

SwissProt and TrEMBL databases; 97.56% (34 699 genes)

predicted genes were functionally annotated by these methods

(Supplemental Table 10).

In addition, we also identified 396 ribosomal RNA (rRNA), 545

transfer RNA (tRNA), 16 small RNA (sRNA), 89 small nuclear RNA

(snRNA), and 1005 microRNA genes (Supplemental Table 11).

873.9 Mb repetitive elements were annotated with structure-

based analyses and homology-based comparisons, and the re-

petitive elements identified covermost typesof plant transposable

elements. These elements constituted 63.33% of the D. officinale
Molecular Plant 8, 922–934, June 2015 ª The Author 2015. 923



Figure 1. The Sequenced Sample and Genome Assembly Process.
(A) The sequenced strain named GREEN.

(B) Assembly process. (a) Hiseq short reads assembly; (b) Aligning Hiseq high-quality short reads to error-prone long PacBio reads (errors are indicated

by black bars). After correction, overlaps between PacBio corrected long reads andHiseq short reads scaffolds can be detected; (c) PBJelly gap filling; (d)

gap closer.

(C) The contig N50 and scaffold N50 status at every assembly step and the fraction of the D. officinale genome represented by gene-sized scaffolds.

Primary Y axis (red and blue) shows N50 length for every assembly step, secondary Y axis (green) shows the percentage of estimated gene-size scaffolds

R3.5 kb (the average length of a plant gene).
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genome (Table 2 and Supplemental Table 12), similar to that of

soybean (59%) (Schmutz et al., 2010) and tomato (63.2%) (Sato

et al., 2012), but higher than sesame (28.5%) (Wang et al.,

2014a), grapevine (52.2%) (Jaillon et al., 2007), and oil palm

(57%) (Singh et al., 2013). Considering that repeats are the

most difficult part to sequence and assemble, the high repeat

content in D. officinale genome has proven to be one of the
924 Molecular Plant 8, 922–934, June 2015 ª The Author 2015.
challenging factors in the assembly of the D. officinale genome

using SGS data. Like other sequenced plant genomes, long

terminal repeat (LTR) retrotransposons, mainly Gypsy-type and

Copia-type LTRs, are predominant (60.87% of total repeats)

(Supplemental Table 13). Of the repetitive elements, 29.13%

could not be classified into any known families, indicating that

D. officinale, and perhaps orchids in general, may contain



Summary

49-mer assembly After PBJelly + SSPACE
Final statistic (after removing
redundancy and gap closer)

Contig Scaffold Contig Scaffold Contig Scaffold

N90 251 335 257 351 797 1198

N80 1027 3900 1091 5494 6076 19 429

N70 2976 11 819 3305 14 355 12 341 37 583

N60 5986 24 843 6542 30 563 18 520 55 714

N50 9572 41 110 10 395 50 651 25 122 76 489

Longest 169 075 975 149 200 042 1 153 790 330 862 1 155 280

Total size 1 544 811 744 1 782 912 367 1 569 627 082 1 812 806 381 1 360 698 011 1 446 999 500

Total number (R100 b) 1 511 909 1 351 884 1 501 498 1 329 324 814 881 751 466

Total number (R2 kb) 121 363 62 308 118 943 59 502 71 403 33 364

Table 1. Statistics of Assembly of the D. officinale Genome.
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many new repetitive or transposable elements. The distribution

of transposable element divergence (percentage of substitutions

in the matching region compared with consensus repeats

in constructed libraries) showed a main peak at 31%

(Supplemental Figure 5), higher than Cyprinus carpio (17.3%) (Xu

et al., 2011) and Cucumis sativus L (10.4%) (Huang et al., 2009),

suggesting that the proliferation of transposable elements in

D. officinale might have happened at a much earlier time than

that in Cyprinus carpio and Cucumis sativus.

Taxonomically, D. officinale belongs to the Asparagales clade

of monocots. It is close to the Arecales and the Liliales. Although

there are existing sequences for some of these monocots,

there is none for the Asparagales clade and Liliales. To identify

gene families, OrthoMCL (Li et al., 2003) was used to cluster

genes into 13 446 gene families using sequence information

from six representative monocotyledon species (Brachypodium

distachyon, Oryza sativa, Sorghum bicolor, Musa acuminata,

Acorus americanus, and Elaeis guineensis), plus three additional

dicotyledon plants as an outgroup (Arabidopsis thaliana, Populus

trichocarpa, and Vitis vinifera) (Supplemental Table 14 and

Supplemental Figure 6). A total of 1462 gene families were

found to be unique to D. officinale associated with light control

in plant development, disease resistance, stress response,

and synthesis of xylem and cellulose (Supplemental Table 15).

D. officinale divergence was estimated at approximately 122

million years ago from Arecales, Zingiberales and Poales, and

approximately 130 million years ago from the Dicots lineage

(Figure 2).
Expanded Gene Families Related to Environmental
Adaptation and Symbiosis

Being epiphytic or lithophytic, D. officinale has strong drought

resistance ability and grows in hot tropical regions. In drought

resistance, compatible solute accumulation (osmolytes) is a key

mechanism, contributed mainly by sugar, sugar alcohols, amino

acids, and organic acids, which tends to increase the osmotic

potential of cells, prevent water loss, and maintain turgor (Zhang

et al., 1999). In the expanded gene families, we identified

several gene families related to environmental stress (Figure 3A):

the subtilisin-like protease (SDD1) genes involved in the regulation
of stomatal density and distribution (Berger and Altmann, 2000)

and the serine/threonine-protein phosphatase 7 (PPP7) genes

involved in thermotolerance that regulate phytochrome signaling

in Arabidopsis (Liu et al., 2007). In addition, the malonyl-

coenzyme A:anthocyanin 3-O-glucoside-600-O-malonyltransfer-

ase (3MAT) gene family was also expanded. This gene family

is closely associated with the content of anthocyanins

(Suzuki et al., 2002) and, when plants are drought tolerant,

anthocyanins are abundant (Nakabayashi et al., 2014). The

expansions of the above mentioned gene families in the

D. officinale genome could be related to its drought resistant

nature (Figure 3A).

Orchids are known to possess a remarkable symbiotic relation-

ship with fungi (Zhou et al., 2003). In Dendrobium, the plant

and fungi form mycorrhizae to improve the capacity of the

roots for nutrient absorption, facilitating growth of D. officinale

(Smith, 1967; Zheng et al., 2010). However, when fungi

grow exuberantly, the balance of material is broken between

the fungi and D. officinale and, as a result, the fungi begin

to absorb nutrients from the plant, leading to plant death

with disease symptoms (Yan, 2005). Interestingly, several gene

families involved in plant defense responses were identified in

the D. officinale genome: the receptor-like protein kinase gene

family has three clades classified by gene functions (Figure 3B),

including LRR receptor-like serine/threonine-protein kinases,

mainly required for development and immunity in plants (Postel

et al., 2010); the aspartic protease (ASPR1) genes functions in

disease resistance to bacteria; and UDP-glycosyltransferase

(UGT) 73B genes, necessary for Arabidopsis to resist Pseudo-

monas syringae pv. tomato (Simon et al., 2014). Besides,

several unique gene families in D. officinale were also identified

relating to defense responses to pathogen infections: the

mannose-specific lectin gene family, which belongs to a single

superfamily of evolutionarily related proteins (Barre et al., 1996)

and has several functions, including protection from fungi and

symbiosis with fungi and bacteria (Rudiger and Gabius, 2001);

the heat shock 70 kDa protein, involved in macromolecular

translocation, carbohydrate metabolism, innate immunity,

photosystem II repair, and regulation of kinase activities (Wang

et al., 2014b); CCR4-associated factor 1, involved in regulating

mRNA deadenylation in vivo and playing a role in plant defense
Molecular Plant 8, 922–934, June 2015 ª The Author 2015. 925



Species
Repeat
content (%)

Heterozygosity
(%) Contig N50 (kb)

Scaffold
N50

Genome
size Sequencing strategy

Cannabis (Cannabis sativa)

(Van Bakel et al., 2011)

– – 2.8 16.2 kb 786 Mb Illumina HiSeq and 454

Date palm (Phoenix dactylifera)

(Singh et al., 2013)

– 0.49 6.5 30.4 kb 381 Mb Illumina GA IIx

Maize (Zea mays ssp. mays L)
(Schnable et al., 2009)

>85 – 40 76 kb 2.3 Gb Sanger BAC by BAC

Papaya (Carica papaya)
(Ming et al., 2008)

76.10 – 10.6 1 Mb 370 Mb Sanger whole-genome
shotgun

Moso bamboo (Phyllostachys

heterocycla) (Peng et al., 2013)

38.60 0.1 11.6 328 kb 2.05 Gb Illumina HiSeq

Dendrobium officinale 63.33 0.48 25.1 76.4 kb 1.35 Gb Illumina HiSeq and

PacBio

Table 2. Comparison with Other Complex Plant Genomes.
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responses (Liang et al., 2009). The expansions of these gene

families (Figure 3A) and evolution of those unique families in

D. officinale may be attributed to the symbiotic feature that

plants share with the fungi.

Genes with Accelerated Evolution Rates

The D. officinale genome represents a novel lineage for com-

parative studies aimed at identifying the molecular toolkit

associated with the evolution of special flowers, medicinal ingre-

dients, and adaptation mechanism to special environments. To

identify genes showing signatures of accelerated evolution in

D. officinale, we compared nonsynonymous with synonymous

substitution values for all genes among the nine species used

in Figure 2 using the branch model in PAML (Yang, 2007).

Ninety-four genes showed signatures of accelerated evolution

in D. officinale compared with the other branches (P < 0.05).

Functional enrichment analyses for these genes are summarized

in Supplemental Table 16. Genes associated with protein

transport, organic substance transport, and intracellular protein

transportation appear to experience accelerated evolution in

D. officinale relative to other species examined (Supplemental

Figure 7). Several genes play roles in basic physiological and

biochemical biosynthesis in chloroplasts (Supplemental Table

17). Among these genes, the category of organic substance

transport may be related to the high content of polysaccharides

in D. officinale, but the biological significance of other rapidly

evolving genes awaits further investigation.

The MADS-Box-Containing Transcriptional Regulators
and Orchid Flowers

In plants, the MADS-box-containing transcriptional regulators

have been the focus of floral organ specification, development,

and evolutionary studies (Munster et al., 1997). In the well-

known ABC model, the ABC genes were cloned from a wide

range of species and the model has been used to explain floral

organ development in plants. Further studies on Petunia

extended the ABC model by including D-class genes, which

specify the identify of ovules (Schneitz, 1999), and identified

the SEPALLATA genes that are required for regulating floral

organ identity in all four whorls of floral organs and floral

determinacy, leading from the ABCD to an ABCDE model

(Carlsbecker et al., 2013). Particularly, the B-class MADS
926 Molecular Plant 8, 922–934, June 2015 ª The Author 2015.
domain transcription factors are central to the specification of

petal and stamen identity (Chang et al., 2010). Mondragón-

Palomino and Theißen (2008) grouped the main B-class DEF-

like genes of orchids in four clades, and genes in the same

clade are usually expressed in the same organs of the perianth

(outer tepals, lateral inner tepals, and a lip) (Kramer et al., 2007).

Genes from clade 1 (PeMADS2-like genes) and clade 2

(OMADS3-like genes) are expressed in all tepals, whereas clade

3 genes (PeMADS3-like genes) are expressed only in inner

tepals and clade 4 genes (PeMADS4-like genes) are exclusively

expressed in the lip (Stamatakis, 2006).

So far, the complete genetic architectures corresponding to

different orchid flower types have not been investigated. We

identified 25 gene families that are MADS-box-containing tran-

scriptional regulator genes in D. officinale. We constructed

gene trees for the genes fromD. officinale and other orchid plants

(Dendrobium grex Madame Thong-In, Dendrobium thyrsiflorum,

Phalaenopsis equestris, Dendrobium crumenatum, Orchis italica,

Phalaenopsis Hatsuyuki, and Aranda Deborah) (Tsai and Chen,

2006). We observed that these MADS-box-containing transcrip-

tional regulator genes could clearly have been clustered into

five classes (Figure 4A). Five classes of MADS-box genes in

D. officinale are consistent with the ABCDE model, indicating

that orchids have a complete set of flower genes. Particularly,

the B-class genes were thought to be critical to account for diver-

sity of flower types and, again, all four clades were also identified

in orchids (Figure 4A). Furthermore, in our unique gene family

analysis, we identified a MADS-box ZMM17 gene family

(including Dendrobium_10016217, Dendrobium_10016218, Den-

drobium_10016220, and Dendrobium_10115229), which can be

clustered into clade 2 of the B-class genes. In D. officinale

flowers, all inner and outer tepals except the lip are highly similar

(Figure 4B). Whether the apparent morphological difference

between tepals and lip resulted from homeotic transitions of

these new MADS-box genes or changes in downstream targets

is worthy of further study.

Medicinal Component-Related Genes

Polysaccharides are major medicinal components in D. officinale

(Ng et al., 2012). In the current market, the quality of D. officinale

is mainly determined by the content of soluble polysaccharides,



Figure 2. D. officinale genome evolution and the distribution of gene families among four monocot genomes.
(A) Phylogenetic tree of nine plant species with well-assembled genomes based on one-to-one ortholog gene alignments, showing that orchids rep-

resented by D. officinale have diverged early in the evolution of monocotyledons.

(B) Shared orthologous gene clusters among D. officinale, E. guineensis, M. acuminata, O. sativa. The OrthoMCL Program was used to identify

orthologous gene groups among D. officinale (D), E. guineensis (E), M. acuminate (M), and O. sativa (O) genomes.
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which are synthesized from monosaccharides, such as glucose,

galactose, mannose, arabinose, rhamnose, etc. (Zha et al., 2007).

D. officinale has a thick water- and polysaccharide-rich stem.

Interestingly, D. officinale evolved two unique gene families, the

galacturonosyltransferase and b-galactosidase gene families,

which may be related to the extraordinary content of polysaccha-

rides in D. officinale (Supplemental Tables 18 and 19).

Sucrose plays a central role in plant growth and development

(Jang and Sheen, 1994). As many monosaccharides are

produced from the hydrolysis or hydrolysis derivative of

sucrose, the sucrose-related pathway is of vital importance for

polysaccharide biosynthesis (Yang et al., 2012). In higher plants,

sucrose metabolism is catalyzed by two distinct enzymes:

sucrose-phosphate synthase (SPS) and sucrose synthase

(SuSy). Generally, sucrose synthesis is considered to be cata-

lyzed by SPS (in conjunction with sucrose phosphatase, which

maintains the cytosolic concentration by rapidly removing su-

crose-6-phosphate), whereas sucrose breakdown is largely cata-

lyzed by SuSy and invertase (Huber and Huber, 1996) (Figure 5A).

Wang et al. (2013) analyzed the correlation between soluble

polysaccharide and sucrose metabolic enzymes in D. officinale

and found that the level of polysaccharides is directly affected

by the concentration of the reduced sugar in the cell, and

the level of reduced sugar and soluble sugar is related to the

activity of sucrose invertase and SPS (Wang, 2009) (Figure 5A).

We identified 10 SPS genes and 15 SuSy genes in D. officinale,

which have undergone marked expansion through tandem

duplication (only a few genes in other plant genomes,

Figure 5C). The expansions of these genes might also have

contributed to the richness of polysaccharides in D. officinale.

Alkaloids are another type of major medicinal components

in D. officinale, which are reported to have antitumor, analgesic,

and antipyretic effects, inhibiting cardiovascular and gastro-

intestinal diseases (Zhang et al., 2003a). Guo et al. (2013)

identified that the D. officinale alkaloids are a kind of terpenoid

indole alkaloid and found that the alkaloid biosynthesis pathway

initiates from the shikimate, mevalonate, or the methylerythritol

phosphate pathways and involves a strictosidine backbone (Guo

et al., 2013). However, the downstream alkaloid biosynthesis
pathway remains unclear. In the KEGG gene annotation results,

we found a polyneuridine-aldehyde esterase (EC:3.1.1.78) gene

(Supplemental Table 20), which was reported mainly exiting in

the indole alkaloid biosynthesis pathway (Rijhwani and Shanks,

1998). We deduced that the D. officinale alkaloid biosynthesis

pathway could be further extended to the generation of 16-

epivellosimine with the existence of the polyneuridine-aldehyde

esterase (Figure 5B). The related genes encoding polyneuridine-

aldehyde esterase and other key enzymes listed by Guo et al.

were also identified in the D. officinale genome (Supplemental

Table 21).

In summary, the draft genome sequence of D. officinale pre-

sented here indicates that combining SGS (Illumina Hiseq) and

TGS (Pacbio) technologies could be useful in deciphering

complex genomes. The genome data, especially the gene family

analysis results, elucidate the genomic basis underlying some

important biological features of D. officinale, including drought

resistance, symbiosis with fungi, completeness of floral gene

sets in orchids, and the biosynthesis of medicinal components.

It is anticipated that the improved understanding of the biology

of D. officinale would ultimately facilitate modernization of tradi-

tional Chinese herbal medicine.

METHODS

Genome Size Estimation

We determined the genome size of D. officinalewith flow cytometry, using

rice (Nipponbare) as internal standards and propidium iodide as the stain.

Our flow cytometric analysis showed that the genome size of D. officinale

was approximately 1.27 Gb (Supplemental Figure 2).

Sample Preparation and Illumina Hiseq Library Construction

Genomic DNA was extracted from fresh leaves using the modified cetyl-

trimethyl ammonium bromide method (Doyle and Doyle, 1987). Because

there is a high content of dendrobe polysaccharide and Dendrobium

alkali in the tissue, we added 1& b-mercaptoethanol and 1%

polyvinylpyrrolidone to improve the extracted DNA quality.

For small-insert libraries, 5 mg of DNAwas sheared into fragments, end re-

paired, A tailed, and ligated to Illumina paired-end adapters (Illumina). The

ligated fragments were selected by size at 250 bp, 500 bp, and 800 bp on
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Figure 3. Gene Family Expansions in D. officinale.
(A) Gene numbers of expanded gene families related to environmental stress and pathogen infection in the genomes of six monocotyledon species (D.

officinale,M. acuminate,O. sativa,S. bicolor,B. distachyon,A. americanus) and two dicotyledon species (A. thaliana andP. trichocarpa). SSD1, subtilisin-

like protease SDD1; 3MAT, malonyl-coenzyme A:anthocyanin 3-O-glucoside-600-O-malonyltransferase; PPP7, serine/threonine-protein phosphatase 7;

UGT73, UDP glycosyltransferases 73B; RGA, putative disease resistance protein RGA; PRP, pathogenesis-related protein; ASPR1, the aspartic

protease; LRR, LRR receptor-like serine/threonine-protein kinases.

(B) Receptor-like protein kinase gene family. 31 members of this family are found in D. officinale, divided into three clusters according to their related

functions. Trees were constructed using maximum likelihood with Mega 6.0 (Tamura et al., 2013) software. LRR, LRR receptor-like serine/threonine-

protein kinases; HSI, high-level expression of sugar-inducible gene; CLV, the CLAVATA genes.
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agarose gel and amplified by LM-PCR (ligation-mediated PCR) to yield the

corresponding short insert libraries (219, 467, and 733 bp detected by Agi-

lent 2100). For long insert size library construction, 20–40 mg of genomic

DNA was sheared to the desired insert size using nebulization for 2 kb

or HydroShear for 5 kb, 10 kb, and 20 kb. Next, the DNA fragments

were end repaired using biotinylated nucleotide analogues, selected by

size at 2 kb, 5 kb, 10 kb, and 20 kb, and circularized by intramolecular liga-

tion. Circular DNAmolecules were shearedwith Adaptive Focused Acous-

tic (Covaris) to an average size of 500 bp. Biotinylated fragments were

purified with magnetic beads (Invitrogen), end repaired, A tailed, and

ligated to Illumina paired-end adapters, selected by size again, and puri-

fied by ligation-mediated PCR. All these DNA libraries were sequenced on

the Illumina Hiseq 2000 platform.

Contamination Detection

We randomly selected 60 000 filtered reads to blast on the nr library and nt

library in the NCBI database and detect whether other species sequences

obviously exist in the data. These reads were blasted to the nt (version

2.2.27, parameter ‘‘-p blastn -e 1e-10 -m8’’) and nr (version 2.2.27, param-

eter ‘‘-p blastx -e 1e-10 -m 8’’) databases using blast software. If the reads

have a score value more than 55, then they are chosen to count. In the

60 000 random reads, 6031 reads were found in the nt database and

6314 reads in thenr database.Weselected thebest blast results according

to the score value, then checked the best hit of every read to judge which

species it belongs to. Most sequences (99.17%) aligned to the Strepto-

phyta plant (Supplemental Table 22) and 73.36% of reads aligned to the
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Orchidaceae (Supplemental Table 23). In the blast result, 98.12% reads

aligned to the Streptophyta plant and only a few reads aligned to fungi

and other species (Supplemental Table 24). From the results, we know

that the possibility of DNA contamination from other species is very low,

and the aligned rates are very low against both the nt and nr databases,

indicating that most reads were from the unreported and specific

Dendrobium genome. Because we used leaves to extract DNA, in which

there is no symbiotic fungi, the results are reasonable.

Then, we conducted genomeGC content frequency distribution statistics.

If the sequenced genome is contaminated, there will be an obvious peak,

other than the main peak in the frequency distribution. We slid a 100 bp

window along the genome sequences obtained, calculated the GC con-

tent of every window, and drew the genome GC content frequency distri-

bution with our in-house perl script. In the results (Supplemental Figure 8),

there is no secondary peak, and thus again the possibility of DNA

contamination is not obvious.

PacBio Library Construction and Sequencing

Genomic DNA was isolated from the leaves of one GREEN D. officinale

plant with the Qiagen 69106 DNeasy Plant Mini Kit. For a 10 kb insert

size library, at least 5 mg of sheared DNA is required. During the process

of damage repair, end repair, and blunt ligation reaction, the fragments

were selected by size by repeatedly purifying using a 0.453 volume of

AMPure PB beads and a final purification with either 0.403 or 0.453

volumes of AMPure PB beads. To anneal sequencing primers and bind



Figure 4. Phylogenetic Relationship of MADS-Box Genes in D. officinale and the Morphology of the Flower.
(A) Phylogenetic relationship of identified orchid A (red), B_AP3 (light blue and blue), B_PI (purple), C (green), D (yellow), E (orange) gene classes and the

MADS-box transcription factors in D. officinale. The different colors of arc lines represent different clades of B-class genes, which mainly regulate and

control the various flower types: clade1 (red), clade2 (blue), clade3 (green), clade4 (yellow).

(B)Morphology ofD. officinale flower. (a)D. officinale flower; photo taken by Jiangmiao Hu, Kumming Institute of Botany, CAS. (b) Drawing ofD. officinale

plant from the Flora of China (http://db.kib.ac.cn/eflora/default.aspx). (c) The morphology of the D. officinale flower; all inner and outer tepals except the

lip are similar (T1, T2, T3, outer sepals; t1, t2, inner petals; t3, lip). The three colors symbolize different organ identities as possibly determined by a

combinatorial code involving differential expression of four clades. (d) Typical structure of the perianth of an orchid flower (Mondragón-Palomino and

Theißen, 2008).
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polymerase to SMRTbell templates, the instructions specified as calcu-

latedby theRSRemote software shouldbe followed; 10kb singlemolecule

real-time DNA sequencing by PacBio was carried out and the DNA library

was sequenced on the PacBio RS II platform (120 min/cell). Finally, data

were generated from 110 SMRT cells (Supplemental Table 25), yielding

about 103 initial filtered PacBio data (read quality R 0.7, read length R

700 bp).

Error Correction of PacBio Reads

The LSC0.3.1 software (Au et al., 2012) was used for PacBio reads error

correction with all the Hiseq 2000 short reads. There are five main steps

in LSC: HC transformation, SR quality control, SR-LR alignment, error

correction, and decompression transformation. First, the PacBio reads

and Illumina reads are transformed by homopolymer compression so

that each homopolymer run is replaced by a single nucleotide of the

same type. Then, LSC filters out compressed Illumina reads that have

less than 40 non-N nucleotides or have more than one N by default. HC

points, point mismatches, deletions, and insertions are the four types of

correction points in the error correction step. At each correction point of

the first three types, all the Illumina reads that cover it are decompressed

temporarily, and the consensus sequence replaces this correction point.

For insertion points, the consensus decompressed sequence inserts at

this point if the majority of aligned Illumina reads have insertions at this

point. After all correction points are replaced, all the uncorrected HC

points are decompressed (Au et al., 2012).

The correction parameter options were set as: ‘‘#bowtie2_options = –end-

to-end -a -f -L 15 –mp 1,1 –np 1 –rdg 0, 1 –rfg 0, 1 –score-min L, 0, 0.08

–no-unal; bowtie2_options = –end-to-end -p 32 –very-fast -a -f –mp

1,1 –np 1 –rdg 0,1 –rfg 0,1 –score-min L,0,0.08 –no-unal; rezars3_
options = -i 92 -mr 0 -of sam’’. The error correction process needs large

computer memory especially at the running ‘‘correct_nonredundant.py’’

step. In this step, the PacBio long reads were divided into 32 files and

were then corrected with 1003 Illumina Hiseq 2000 short reads. When

running correct_nonredundant.py, we found the peak memory usage of

each file could reach very high levels, which hindered smooth error correc-

tion (Supplemental Table 26 and Supplemental Figure 9). The whole

correction process was processed on the High Performance Computing

Linux-Cluster, HPC computer, which consists of 32 HP BL460 blade

servers and 4 HP580 servers with four-way Intel Xeon E7 4870 processors

and 512 GB of RAM each, connecting with a 40 Gbps InfiniBand commu-

nications link as the computing network and GbE LAN as the administra-

tion network. We evaluated the data quality of corrected and uncorrected

data by FASTQC. After correction, we observed that the per sequence

quality scores and quality scores across all bases were significantly

improved, and the read length also increased (Supplemental

Figures 10–15). We mapped Illumina data onto PacBio data to detect

the Illumina short reads map ratio on PacBio long reads before and after

LSC error correction; the mapping ratio of short reads to PacBio reads

greatly increased after correction (Supplemental Figures 16 and 17). A

new version of LSC (v1.alpha) has been released and has been reported

to have significantly increased speed and controlled memory

usage (http://www.stanford.edu/�kinfai/LSC/LSC_manual.html#aligner),

and the peak memory usage decreases to �10 GB regardless of the

data size, which will increase the speed of the error correction process.

Genome Assembly

SOAPdenovo (Li et al., 2008) was used for genome assembly with Hiseq

data only. We constructed a de Bruijn graph using the parameter ‘‘-K

49 -d 3’’. Then, ‘‘-M 3’’ parameters were used to simplify the graph
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Figure 5. Biosynthesis Pathways of TwoMainMedicinal Components (Polysaccharides and Alkaloids) and Related GeneDuplication
Status in D. officinale.
(A) The sucrose-related pathway. After hydrolysis or hydrolysis-derivative reaction, monosaccharides (arabinose, xylose, glucose, mannose, galactose,

rhamnose, etc.) are produced, which are used to synthesize polysaccharides further. The invertase genes, SuSy and SPS (indicated with the asterisk),

duplicated in the D. officinale genome.

(B) The alkaloid biosynthesis pathway.

(C)Phylogenetic relationship of invertase genes, SPS and SuSy genes inD. officinale (yellow),O. sativa (green),Z.mays (blue), andA. thaliana (red). (a) The

invertase genes. (b) The SuSy genes. (c) The SPS genes. The phylogenetic trees were constructed using the maximum likelihood with Mega 6.0 (Tamura

et al., 2013) software. The three gene families extensively duplicated in D. officinale, especially the SPS and SuSy gene families.

Molecular Plant Biology of the Traditional Chinese Orchid Herb
and generate contigs by removing tips, merging bubbles, and solving

repeats. All filtered Hiseq reads were then realigned onto the contig

sequences with the parameters ‘‘-k 49’’. Finally, scaffolds were

constructed by weighting the rates of consistent and conflicting paired-

end relationships with parameter ‘‘-F’’ (Supplemental Table 27). In the

scaffolding step, we realigned the reads onto the contigs and used

the paired-end information to join the unique contigs into scaffolds;

the gaps between contigs were represented with ‘‘NNNNs’’. In the subse-
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quent process of building scaffold with SSPACE (Boetzer et al., 2011),

parts of the ‘‘NNNNs’’ were filled by some mate-pair reads, and thus the

length of some gaps, which were presented by fewer N numbers

(Supplemental Table 4).

Based on the SOAPdenovo assembly, we utilized PBJelly (English et al.,

2012) to do gap filling with the corrected PacBio reads, and the option

is ‘‘<blasr> -minMatch 8 -minPctIdentity 70 -bestn 8 -nCandidates
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30 -maxScore -500 -nproc 48 -noSplitSubreads</blasr>’’ for protocol

file. Then, we used the SSPACE (version 2.0) (Boetzer et al., 2011) with

default parameters to extend the length of scaffolds for the raw

assembly (http://bioinformatics.oxfordjournals.org/content/early/2010/12/

12/bioinformatics.btq683.short) (Supplemental Table 28).

We used the Rabbit (You et al., 2013) software to remove redundant

sequences. The Rabbit software (ftp://ftp.genomics.org.cn/pub/

Plutellaxylostella/) was developed based on the Poisson-based K-mer

model, which needs a table of K-mer frequencies to determine redundant

sequences. We utilized the Jellyfish (Biowire, San Francisco, CA) to

generate the table with recommended parameter K = 16 bp from

200 bp, 500 bp, and 800 bp libraries using the following commands: ‘‘gun-

zip –c WGS.fq.gz j jellyfish count -m 16 -o k16mer –timing k16mer.time -s

4294967296 -t 32 -c 8 -C /dev/fd/0 1>k16mer.log 2>k16mer.error; jellyfish

merge -v -o k16mer.jf k16mer_* 1>>k16mer.log 2>>k16mer.error; jellyfish

dump -c -t -o k16mer.dump k16mer.jf 1>>k16mer.log 2>>k16mer.error;

jellyfish stats -o k16mer.stats k16mer.jf 2>>k16mer.error; jellyfish histo

-t 32 k16mer.jf j sed ’s/ //g’ >k16mer.histo’’. After obtaining the 16-mer

occurrence frequency table, we removed redundancy, mainly using the

Redundancy Remover module of the Rabbit software (Supplemental

Table 29).

Gaps between contigs were closed by Gapcloser version 1.10 with

the default parameters (v1.12, http://soap.genomics.org.cn/down/

GapCloser_release_2011.tar.gz) (Supplemental Table 30). Redundancy

was removed again to obtain the final assembled genome

(Supplemental Table 31). In the whole process of assembly, the smallest

contig cutoff was 100 bp. As the contig and scaffold N50 improved

significantly after removing redundant sequences in SSPACE (Boetzer

et al., 2011) extended genome assembly, we obtained statistics of

scaffold length before and after removing redundancy and the length

distribution of the assembled genome after every step, which shows,

from 100 bp to 50 kb, that many short sequences were removed, which

may contribute to the increase of contig N50 and scaffold N50

(Supplemental Figure 18 and Supplemental Tables 27–32).

Genome Quality Evaluation

First reads of small-insert libraries (250, 500, 800 bp) were mapped to the

assembled genome to evaluate the quality of the assembly. ‘‘PE mapped’’

represents reads being mapped to the genome as read pairs, ‘‘SE map-

ped’’ represents reads being mapped to the genome as single reads,

and ‘‘uniq Mapped’’ represents reads being mapped to the genome in a

unique region. The mapped ratio of small-insert size data is more than

94%, indicating that most of the Dendrobium officinale genome has

been assembled (Supplemental Table 4). We also used Illumina short

reads to the PacBio reads before and after LSC correction with BWA-

MEM (version 0.7.10-r789), setting the parameter to represent reads being

mapped to the genome as read pairs (Supplemental Table 5). Themapped

ratio is lower than the Illumina data, and the reasonmay be that the PacBio

reads are longer and contain more errors than the Illumina reads.

We also used CEGMA to evaluate the assembly quality. We compared the

Dendrobium genome sequence against a set of core eukaryotic genes us-

ing CEGMA (http://korflab.ucdavis.edu/Datasets/cegma/) and found that

227 (91.5%) were represented (Supplemental Table 6). The completeness

of the Dendrobium genome is lower than foxtail millet (Setaria italica)

(99.19%), which may be due to the high repeat content, which resulted

in less complete assembly of D. officinale than that of foxtail millet.

Third, we assessed the proportion of gene-sized scaffolds. The proportion

of gene-sized scaffolds occupying the total genome size can help

describe the reliability of an assembly for gene finding purposes. Using

the Ensembl 77 Genes data set, we extracted the latest protein-coding

annotations forOryza sativa, Brachypodium distachyon, Sorghum bicolor,

Musa acuminata, Elaeis guineensis, Vitis vinifera, Populus trichocarpa,
and Arabidopsis thaliana. From these data sets, we drew a distribution

of plant gene length (Supplemental Table 33) and calculated the size of

an average plant gene to be 3.5 kb (Supplemental Figure 19). Taking 3.5

kb as the approximate length of an average plant gene, we found that

88.24% of the estimated genome size is located in gene-sized length

scaffolds (Supplemental Table 34), which is comparable with the

genome of Cannabis sativa (88.72%), Phoenix dactylifera (88.18%), and

Phyllostachys heterocycla (86.80%), but lower than Carica papaya

(93.72%) (Supplemental Table 35).

Repeat Annotation

Known transposable elements (TEs) were identified with RepeatMasker

(version 3.2.6) (Smit et al., 1996) using the Repbase TE library (v. 16.10)

(Jurka et al., 2005) and default parameters. A consensus sequence for

each repeat family was generated and used as the library in

RepeatMasker to identify additional high and medium copy repeats in

the genome assembly. Tandem repeats were predicted using TRF

(Benson, 1999), with parameters set to ‘‘Match = 2, Mismatch = 7,

Delta = 7, PM = 80, PI = 10, Minscore = 50, and MaxPeriod = 2000’’.

Protein-Coding Gene Annotation

Two methods were used to predict protein-coding genes: homology-

based method and de novo prediction. Gene sets from four species (Ara-

bidopsis thaliana, Brachypodium distachyon, Oryza sativa, and Sorghum

bicolor) were used for homology-based predictions, one species at a

time. TBLASTN was used to search the nonredundant protein sequences

of each gene set with an E-value <1e�2. The best hit was then selected,

and regionswith homologous blocks shorter than 80%of the query protein

were excluded. We then used GENEWISE (v2.2.0) (Birney et al., 2004) to

generate the gene structures. Homology-based repeats were masked in

the genome, and AUGUSTUS (Stanke and Waack, 2003), SNAP (Korf,

2004), and GlimmerHMM (Majoros et al., 2004) were used for de novo

gene prediction. Parameters were trained using 1000 high-quality genes

with intact open reading frames based on homology to Phalaenopsis

equestris. Evidence derived from homology-based predictions (four

sets) and de novo predictions (three sets) was then integrated in GLEAN

to generate a consensus gene set. Based on these analyses and published

transcriptome data, 35,567 genes passed the GLEAN criteria.

Functional Annotation

Gene functions were assigned according to the best match of the align-

ments using Blastp to SwissProt and TrEMBL databases. The motifs

and domains of the genes were determined by InterProScan (Zdobnov

and Apweiler, 2001) against protein databases including ProDom,

PRINTS, Pfam, SMART, PANTHER, and PROSITE. A Gene Ontology ID

was obtained for each gene from the corresponding SwissProt and

TrEMBL entries. All genes were aligned against KEGG proteins, and the

pathway in which the gene might be involved was derived from the

matched genes in KEGG (Kanehisa and Goto, 2000).

Phylogeny Construction

We selected the following plant species to represent sequenced mono-

cotyledon and dicotyledon outgroups: Brachypodium distachyon, Oryza

sativa, Sorghum bicolor,Musa acuminata, Acorus americanus, Elaeis gui-

neensis, Arabidopsis thaliana, Populus trichocarpa, and Vitis vinifera. All

nucleotides were used from the one-to-one ortholog gene alignments

and used to reconstruct the phylogeny of these species using the

GTR+GAMMA model of molecular evolution in RAxML (Stamatakis,

2006). For the calibration tree, we used the fossil dates among eudicots,

monocots, Musacaceae, and Poaceae reported by Magallon and

Castillo. (2009) and http://timetree.org/ (Hedges et al., 2006; Kumar and

Hedges, 2011) to calibrate the gene evolution rate in the phylogenetic

tree using the penalized likelihood method with truncated-Newton optimi-

zation as implemented by r8s v1.71 (Sanderson, 2006). Then, the

divergence times of each node in our tree was inferred using the

mcmctree package in PAML (Yang, 2007) with the JC69 model.
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Gene Family Clustering

We used the method of OrthoMCL (Li et al., 2003) to define gene families

across several plant genomes (O. sativa, B. distachyon, S. bicolor,

M. acuminata, E. guineensis, V. vinvifera, A. thaliana, and

P. trichocarpa). An all-against-all comparison was performed using

BLASTP (Bairoch and Apweiler, 2000) and the results were filtered if the

E-value was >1e�5. For defining gene families, the Markov cluster

algorithm (Thiel et al., 2003) was used to cluster the BLASTP results into

groups of homologous proteins at inflation parameter as 1.5 and other

default parameters. Finally, we identified 9457 unclustered genes and

1462 unique gene families.

We used CAFÉ (Computational Analysis of Gene Family Evolution, version

2.1) (De Bie et al., 2006) to detect gene family expansion and contraction in

D. officinale, O. sativa, B. distachyon, S. bicolor, M. acuminata,

E. guineensis, V. vinvifera, A. thaliana, and P. trichocarpa with the

parameters ‘‘P-value threshold 0.05 (Supplemental Figure 20), number

of random 10000 and search for the l value’’. Gene families with P

values lower than 0.01 were analyzed manually.

ACCESSION NUMBERS
Accession codes: the D. officinalewhole-genome sequencing project has

been deposited in DDBJ/EMBL/GenBank under the accession number

SUB764497. Raw Illumina Hiseq 2000 and PacBio sequencing reads

have been submitted to the NCBI Sequence Read Archive database

(SRX798283, SRX798284, SRX798285, SRX816084). We also con-

structed a database for the D. officinale genome (http://202.203.187.

112/herbalplant).
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