
Advanced Applications of 

Next-generation Sequencing 

Technologies to Orchid Biology

Chuan-Ming Yeh1†, Zhong-Jian Liu2,3,4† and Wen-Chieh Tsai5,6,7*

1Division of Strategic Research and Development, Graduate School of Science and Engineering, Satitama University, 
Saitama, Japan.

2Shenzhen Key Laboratory for Orchid Conservation and Utilization, The National Orchid Conservation Center of 
China and The Orchid Conservation and Research Center of Shenzhen, Shenzhen, China.

3The Center for Biotechnology and BioMedicine, Graduate School at Shenzhen, Tsinghua University, Shenzhen, 
China.

4College of Arts, College of Landscape Architecture, Fujian Agriculture and Forestry University, Fuzhou, China.
5Institute of Tropical Plant Sciences, National Cheng Kung University, Tainan, Taiwan.
6Department of Life Sciences, National Cheng Kung University, Tainan, Taiwan.
7Orchid Research and Development Center, National Cheng Kung University, Tainan, Taiwan.

*Correspondence: tsaiwc@mail.ncku.edu.tw
†These authors contributed equally

https://doi.org/10.21775/cimb.027.051

Abstract
Next-generation sequencing (NGS) technologies 
are revolutionizing biology by permitting tran-
scriptome sequencing, whole-genome sequencing 
and resequencing, and genome-wide single nucle-
otide polymorphism profiling. Orchid research 
has benefited from this breakthrough, and a few 
orchid genomes are now available; new biological 
questions can be approached and new breeding 
strategies can be designed. The first part of this 
review describes the unique features of orchid 
biology. The second part provides an overview 
of the current NGS platforms, many of which are 
already used in plant laboratories. The third part 
summarizes the state of orchid transcriptome 
and genome sequencing and illustrates current 
achievements. The genetic sequences currently 
obtained will not only provide a broad scope for 
the study of orchid biology, but also serves as a 
starting point for uncovering the mystery of orchid 
evolution.

Introduction
The Chinese have been cultivating fragrant Cym-
bidium species since 500 bc. The earliest book on 
record about orchids is Shen Nung Pen Tsao Ching, 
published during the Han dynasty. This book refers 
to well-known orchids used as popular medicines, 
including Dendrobium, Gsatrodia, and Bletilla. It 
is generally agreed that the term orchid was first 
used by the Greek philosopher Theophrastus in 
his inquiry into plants (Arditti, 1992). Orchid 
cultivation and growth became popular in the late 
eighteenth century in Europe. Voyages around the 
world were sponsored by the wealthy to collect 
orchids, herbarium species, and other exotic plants. 
Merchants, government officials, sea captains, plant 
collectors, explorers, privateers, and other travel-
lers began sending plants to their home countries 
soon after they discovered them. Some of these 
orchids were sent to botanical gardens; others 
reached private growers. Subsequently, the landed 
gentry, the wealthy, and commercial firms started 
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to accumulate orchid collections. In 1794, 15 epi-
phytic orchids were cultivated at Kew Gardens in 
London. To satisfy the needs of growers, large num-
bers of collectors were sent to faraway places. These 
collectors destroyed millions of plants, discovered 
many new species, and suffered and died from 
diseases and deprivation, but sent many orchids to 
England. By about 1820, it became possible to heat 
greenhouses with hot water flowing through pipes. 
These advances permitted growers to simulate 
what they considered to be appropriate conditions 
for orchid culture – heat and humidity. Improved 
methods such as lower temperature, better ventila-
tion and potting contributed to higher survival of 
the orchids and became even more popular.

The family Orchidaceae is the largest family of 
flowering plants and the number of species may 
exceed 25,000 (Atwood, 1986). Like all other living 
organisms, present-day orchids have evolved from 
ancestral forms as a result of selection pressure and 
adaptation. They show a wide diversity of epiphytic 
and terrestrial growth forms and have successfully 
colonized almost every habitat on earth. Factors 
promoting orchid species richness include specific 
interaction between the orchid flower and pollina-
tor (Cozzolino and Widmer, 2005), sequential and 
rapid interplay between drift and natural selection 
(Tremblay et al., 2005), obligate interaction with 
mycorrhiza (Otero and Flanagan, 2006), and epi-
phytism which is true for most of all orchids and 
probably two-thirds of the epiphytic flora of the 
world. The radiation of the orchid family has prob-
ably taken place in a comparatively short period 
as compared with that of most flowering plant 
families, which had already started to diversify in 
the Mid-Cretaceous period (Crane et al., 1995). 
The time of origin of orchids is in dispute, although 
Dressler suggests that they originated 80 to 40 mil-
lion years ago (Mya; late Cretaceous to late Eocene) 
(Dressler, 1981). Recently, the origin of the 
Orchidaceae was dated with a fossil orchid and its 
pollinator. The authors showed that the most recent 
common ancestor of extant orchids lived in the late 
Cretaceous (76 to 84 Mya) (Ramírez et al., 2007). 
They also suggested the largest orchid subfamilies, 
which together represent > 95% of living orchid 
species, began to diversify early in the Tertiary (65 
Mya) (Ramírez et al., 2007).

According to molecular phylogenetic stud-
ies, Orchidaceae comprises five subfamilies: 

Apostasioideae, Cypripedioideae, Vanilloideae, 
Orchidoideae and Epidendroideae. The Aposta-
sioideae is considered the sister group to other 
orchids. Vanilloideae diverged just before Cypripe-
dioideae. Both subfamilies have relatively low 
numbers of genera and species. Most of the 
taxonomic diversity in orchids is in two recently 
expanded sister subfamilies: Orchidoideae and 
especially Epidendroideae (Górniaka et al., 2010). 
Orchids are known for their diversity of specialized 
reproductive and ecological strategies (Tsai et al., 
2014). For successful reproduction, the production 
of labellum and gynostemium (a fused structure 
of androecium and gynoecium) to facilitate pol-
lination is well documented and the co-evolution 
of orchid flowers and pollinators is well known 
(Schiestl et al., 2003). In addition, the especially 
successful evolutionary progress of orchids may 
be explained by mature pollen grains packaged 
as pollinia, pollination-regulated ovary/ovule 
development, synchronized timing of micro- and 
mega-gametogenesis for effective fertilization, and 
the release of thousands or millions of immature 
embryos (seeds without endosperm) in a mature 
capsule (Yu and Goh, 2001). However, despite their 
unique developmental reproductive biology, as well 
as specialized pollination and ecological strategies, 
orchids remain under-represented in molecular 
studies relative to other species-rich plant families 
(Peakall, 2007). The reasons may be associated 
with the large genome size, long life cycle, and inef-
ficient transformation system of orchids (Hsiao et 
al., 2011b).

During the last 30 years DNA sequencing has 
completely changed our vision of biology and 
particularly plant biology. It has been possible 
to characterize a large number of genes by their 
nucleotide sequences, thus providing a shortcut 
to the corresponding protein sequences and their 
functions. Information on gene polymorphisms 
has facilitated genetic mapping, gene cloning and 
the understanding of evolutionary relationships 
and has allowed for the initiation of biodiversity 
studies. The most popular sequencing method has 
been the Sanger method (Sanger et al., 1977a). 
When combined with the use of robotics, bioinfor-
matics, computer databases and instrumentation, 
the method has allowed for sequencing larger 
DNA fragments and, finally, complete genomes. 
As a result, a series of landmark genomes was 
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obtained, such as Caenorabditis elegans, Drosophila 
melanogaster, Arabidopsis thaliana, Homo sapiens 
and Oryza sativa (International Human Genome 
Sequencing Consortium, 2004; International Rice 
Genome Sequencing Project, 2005; The Arabidop-
sis Genome Initiative, 2000). The deciphering of 
these genomes led to the era of functional genomics 
and completely modified biological investigation. 
However, this technology remained tedious and 
expensive. These limiting factors stimulated the 
development and commercialization of next-
generation sequencing (NGS) technologies, as 
opposed to the automated Sanger method, which 
is considered a first-generation technology. When 
coupled with the appropriate computational algo-
rithms, the development of NGS technologies has 
opened new avenues on a genome-wide scale to 
radically alter our understanding of biology that 
could not be answered with classical sequencing.

Sequencing platforms
Sanger sequencing, developed by Sanger and his 
colleagues in 1977 based on the chain-termination 
method, is predominantly employed for DNA 
sequencing in the following 30 years (Sanger et 
al., 1977b). It was first commercialized by Applied 
Biosystems to launch the automatic sequencing 
machine, AB370, in 1987. By adopting capillary 
electrophoresis, the sequencing became faster and 
more accurate (Liu et al., 2012; Illumina 2016). 
Although Sanger sequencing was applied to com-
plete the genome projects of human and several 
model organisms including the first sequenced 
plant, Arabidopsis thaliana, it took plenty of time, 
cost and resources (The Arabidopsis Genome 
Initiative, 2000; International Human Genome 
Sequencing Consortium, 2004; van Dijk et al., 
2014). Therefore, National Human Genome 
Research Institute (NHGRI) initiated a funding 
programme which aimed to reduce the cost of 
human genome sequencing to 1000 US dollars 
within 10 years. It prompted NGS development to 
create sequencers with fast, cheap, easy-to-operate 
and accurate features (Liu et al., 2012; van Dijk et 
al., 2014).

The 454 Genome Sequencer employing the 
pyrosequencing method is the first commercial 
NGS platform released by 454 Life Sciences in 2005 
(Margulies et al., 2005), followed by the Genome 

Analyser in 2006 from Solexa, which was purchased 
by Illumina 1 year later (Liu et al., 2012). The 
SOLiD (Sequencing by Oligo Ligation Detection) 
platform is the third NGS technology developed by 
Applied Biosystems (now Thermo Fisher) in 2007 
(Valouev et al., 2008). These Solexa (Illumina) 
and SOLiD sequencers generated short reads with 
only 35-bp lengths comparing to the 110-bp reads 
by the 454 system. However, their numbers of 
reads (30 and 100 million reads, respectively) are 
much larger than that of the 454 sequencer (200 
thousand reads). In 2010, PGM (Personal Genome 
Machine), the first NGS platform developed by 
semiconductor technology which generates 100-bp 
reads, was released by Ion Torrent (now Thermo 
Fisher). Without using optical-sensing device, 
the detection for sequencing by Ion Torren PGM 
is based on measuring the change of pH during 
nucleotide incorporation (Rothberg et al., 2011; 
Liu et al., 2012). These unique features make PGM 
a smaller size with higher speed and lower cost (Liu 
et al., 2012; van Dijk et al., 2014).

The sequencing approaches of these short-read 
NGS platforms can be classified to the sequenc-
ing by ligation (SBL) employed by SOLiD and 
the sequencing by synthesis (SBS) adopted by 
Illumina, 454 and Ion Torren. The SBS can be fur-
ther distinguished to cyclic reversible termination 
(CRT) for Illumina and single-nucleotide addition 
(SNA) for 454 and Ion Torren (Goodwin et al., 
2016). Basically, the NGS systems employing the 
SBS approaches are similar to the first-generation 
sequencing in that the fluorescently labelled dNTPs 
(deoxyribonucleotide triphosphates) are incorpo-
rated into a DNA template by DNA polymerase. The 
incorporated nucleotides are then detected by fluo-
rophore excitation during sequencing (Voelkerding 
et al., 2009; Illumina, 2016). For the SBL approach, 
instead of DNA polymerase, it relies on DNA ligase 
to determine the underlying sequence of the tem-
plate DNA. The fluorescently labelled interrogation 
probes hybridize to the template DNA followed by 
ligation and imaging. The identity of the bases in 
the interrogation probes is indicated by the emis-
sion spectrum of the fluorophore (Shendure et al., 
2005; Goodwin et al., 2016). The major improve-
ments of NGS leading to high throughput and 
sequencing rate include preparation of NGS librar-
ies in a cell free system instead of bacterial cloning, 
parallel proceeding of a large number of sequencing 
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reactions and direct detection of sequencing output 
without performing electrophoresis (van Dijk et 
al., 2014; Chaitankar et al., 2016). Compared to 
the conventional sequencing, second-generation 
sequencing technologies generate vast amounts of 
shorter reads, ranging from 35 to 700 bp, making 
it possible to produce massive sequencing data in 
a much shorter time (Goodwin et al., 2016). The 
current NGS systems can complete human genome 
sequencing within one day, which consumed 15 
years before (Illumina, 2016).

Although these short-read sequencing platforms 
have created a new sequencing era in the past 
decade, the short read lengths give rise to a new 
obstacle in genome assembly, such as improper dis-
card of repeated sequences and assembling in wrong 
locations or orientations. It is required to develop 
novel computational algorithms for data analysis 
(Baker, 2012; van Dijk et al., 2014). However, it 
is increasingly obvious that genomes are highly 
complex because of having many long repetitive 
elements, copy numbers and structural variations. 
The short-read NGS technologies are insufficient 
to resolve these complex elements (Goodwin et al., 
2016). ‘Very long, very high-quality reads will do 
wonders for assembly, and fix many of these issues’, 
says Adam Felsenfeld, the director of the Large-
Scale Sequencing Program at the NHGRI (Baker, 
2012). Although we are still not there yet, the so-
called third-generation sequencing approaches can 
now provide an alternative choice (Goodwin et al., 
2016). The read lengths of the current long-read 
sequencing can reach to several kilobases, allow-
ing to span complex or repetitive regions with a 
single continuous read. In addition, it is also helpful 
to identify the precise connectivity of exons and 
discern gene isoforms in transcriptomic research 
because it can span entire mRNA transcripts. No 
PCR amplification step before sequencing is one 
of the main characteristics of the third-generation 
sequencing technologies. The other is that the 
sequencing reaction can be detected in real time 
whether in PacBio by fluorescence or in Nanopore 
by electric current (Liu et al., 2012). Although the 
more expensive cost and relatively lower through-
put than second-generation sequencing currently 
limit their widespread application, ultra-long-read 
sequencing technologies with high outputs and low 

prices could be expected in the near future. In this 
review article, the current development and appli-
cation of second- and third-generation sequencing 
platforms along with their benefits and drawbacks 
are introduced and discussed (Table 3.1).

Roche 454
The 454 Life Sciences, purchased by Roche in 2007, 
released the first NGS platform, the 454 Genome 
Sequencer, in 2005 (Margulies et al., 2005). The 
sequencing workflow is initiated by preparation 
of a sequencing library from the source nucleic 
acids. First, the long DNA or RNA molecules 
are fragmented into a suitable size (around 50 to 
500 bp). The fragments are next fused with specific 
adapters followed by a size selection step to enrich 
molecules with a desired size and to remove the 
free adapters. The templates are adhered to micro-
beads through adaptors and amplified by emulsion 
PCR (http://454.com/products/technology.
asp; Egan et al., 2012; van Dijk et al., 2014). This 
sample preparation process is similar to the sub-
sequently developed NGS platforms, Ion Torrent 
and SOLiD. For the 454 pyrosequencing, the tem-
plates is denatured and incubated with sequencing 
reagents including DNA polymerase, dNTP and 
several enzymes. Pyrophosphates are released and 
converted to ATP after the appropriate dNTPs are 
incorporated into the new strand by DNA poly-
merase. ATP in turn reacts with luciferase to release 
oxyluciferin fluorescence detected by a CCD 
(charge-coupled device) camera (Egan et al., 2012; 
Goodwin et al., 2016).

The Roche 454 currently offers two pyrose-
quencing platforms including the bench top GS 
Junior+ (the upgraded version of GS Junior) and 
FLX+ system (www.454.com). The advantages of 
the 454 platforms include the relatively fast run 
times and the long read lengths with maximum 
of 1 kb (Table 3.1). The generated long reads are 
helpful for mapping to a reference genome, de novo 
genome assembly or metagenomics applications. 
However, it possesses the drawbacks of the rela-
tively low throughput, high reagent cost and high 
error rates in homopolymer repeats. In addition, 
an announcement that Roche will shut down 454 
and stop the supporting services for the sequencing 
platform should be noticed (van Dijk et al., 2014).
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Illumina
The Illumina sequencing platform, the most widely 
adopted in the industry, employs the CRT approach 
of SBS methodology (Liu et al., 2012; Goodwin et 
al., 2016). The sequencing steps include library 
preparation, cluster generation and SBS. The 
polynucleotide samples are randomly fragmented 
followed by adapter ligation at both 5′ and 3′ ends to 
prepare sequencing library. After adapter ligation, 
PCR amplification and gel purification are per-
formed. The library is then loaded into a flow cell 
for cluster generation. The nucleotide fragments 
are immobilized on the flow cell surface through 
hybridization of oligos and adapters. By bridge 
amplification, each fragment is amplified into a 
clonal cluster. The flow cell is in turn incubated with 
the sequencing reagents and the four fluorescent 
dNTPs bound with reversible terminators. The 
incorporated bases are identified according to emis-
sion wavelength and intensity (Illumina, 2016).

Solexa, acquired by Illumina in 2007, launched 
its first sequencer (the Genome Analyser) which 
can generate roughly 1 gigabase (Gb) of data per 

sequencing run in 2006. Following the Genome 
Analyser, the Illumina sequencers with differ-
ent application and sequencing power have been 
developed. The current platforms include MiniSeq, 
MiSeq, NextSeq, HiSeq Series and HiSeq X Series 
(www.illumina.com). The outputs range from 1.8 
to 7.8 Gb for targeted sequencing studies by the 
benchtop MiniSeq system to 1.6 to 1.8 terabase 
(Tb) for population-scale studies by the HiSeqX 
Series (Table 3.1). The HiSeqX Ten, released in 
2014, is currently the sequencer with the highest 
throughput. It was upgraded to sequence 1.8 Tb 
per run, leading to the possibility of sequencing 
over 45 human genomes in a single day. In addition, 
the cost was down to approximately US$1000 for 
one human genome. It takes genome sequencing 
entering a period to see the differences among 
thousands of people and discover the critical genes 
causing cancer or other diseases (Illumina, 2016). 
However, the HiSeq X Ten is a set of 10 HiSeq X 
system with a price of US$10 million. In addition, 
the low cost claimed by Illumina is an average that 
can be reached by running full capacity of all HiSeq 

Table 3.1 Comparison of performance of the current second- and third-generation sequencing platforms

Company Platform
Sequencing 
chemistry

Maximum 
output

Maximum 
reads per run

Maximum read 
length Run time

Roche (454) GS Junior+ SBS (SNA) 70 Mb ~0.1 million 1000 bp 18 hours
GS FLX+ SBS (SNA) 700 Mb ~1 million 1000 bp 23 hours

Illumina MiniSeq SBS (CRT) 8 Gb 25 million 2 × 150 bp 4–24 hours
MiSeq SBS (CRT) 15 Gb 25 million 2 × 300 bp 4–55 hours
NextSeq SBS (CRT) 120 Gb 400 million 2 × 150 bp 12–30 hours
HiSeq SBS (CRT) 1.5 Tb 5 billion 2 × 150 bp 7 hours – 6 days
HiSeq X SBS (CRT) 1.8 Tb 6 billion 2 × 150 bp < 3 days

Thermo Fisher SOLiD 5500 SBL 320 Gb ~1.4 billion 50 or 75 bp 10 days
Ion PGM SBS (SNA) 2 Gb 5.5 million 200 or 400 bp 4–7.3 hours
Ion Proton SBS (SNA) 10 Gb 80 million 200 bp 2–4 hours
Ion S5 SBS (SNA) 15 Gb 80 million 200 or 400 bp 2.5–4 hours

SeqLL (Helicos) Heliscope SMS 35 Gb ~1 billion 55 bp 8 days
Pacific 
Biosciences

PacBio RS II SMRT 1 Gb* ~55,000 60 kb 0.5–6 hours
Sequel SMRT 7 Gb* ~370,000 60 kb 0.5–6 hours

Oxford Nanopore MinION SMRT 42 Gb 4.4 million 230–300 kb < 2 days
PromethION SMRT 12 Tb 1250 million 230–300 kb < 2 days

The data are obtained from the homepages of each company and two recent review articles (Chaitankar et al., 
2016; Goodwin et al., 2016). *Output per SMRT cell (Number of SMRT cell is 1–16). bp, base pairs; CRT, cyclic 
reversible termination; Gb, gigabase pairs; kb, kilobase pairs; Mb, megabase pairs; SBL, sequencing by ligation; 
SBS: sequencing by synthesis; SMRT, single-molecule real-time; SMS, single-molecule sequencing; SNA: 
single-nucleotide addition; Tb, terabase pairs.
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X machines for one year. In other words, it is limited 
to be used only when large institutions carry out 
population-scale genome sequencing (Goodwin et 
al., 2016). To overcome the limitations caused by 
short-read sequencing, Illumina recently released a 
Synthetic Long-Read Sequencing technology that 
can generate reads of around 10 kb. By using this 
technology, synthetically long fragments can be 
constructed from shorter sequencing reads gener-
ated by the HiSeq platform for accurate genome 
assembly and genome finishing (www.illumina.
com/products/by-type/sequencing-kits/library-
prep-kits/truseq-synthetic-long-read.html; Li et al., 
2015a).

Thermo Fisher Scientific
The SOLiD sequencing technology based on SBL 
approach was developed by George Church and 
his colleagues. It was published in 2005 for the 
application in the resequencing of the Escherichia 
coli genome and was later improved and released by 
Applied Biosystems (now Thermo Fisher) in 2007 
(Shendure et al., 2005; Voelkerding et al., 2009). The 
sequencing procedures include library and template 
preparation, bead deposition and sequencing. Two 
types of libraries including fragment or mate-paired 
library can be constructed according to different 
research applications. A mixture of short fragments 
flanked by adaptors are generated and attached to 
beads followed by emulsion PCR amplification. 
The beads with the amplified templates are then 
immobilized onto a glass slide or FlowChip by 
covalent attachment. SBL is begun by annealing a 
primer to the complementary adapter. In contrast to 
SBS mediated by polymerase (3′ hydroxyl group), 
the primer offer a 5′ phosphate group for ligation 
with one of the fluorescently labelled interrogation 
probes which are octamers consisting of two spe-
cific bases followed by six degenerate bases. There 
are 16 combinations for the first two specific bases 
in the interrogation probes, such as AA, AT and 
so on. In the first SBL step, these probes compete 
for hybridization with the templates followed by 
ligation with the primer and detection of the fluo-
rescence signal. The fluorophore along with three 
bases is in turn cleaved from the probe, leaving a 
5-bp fragment with a 5′ phosphate group for the 
next ligation of the interrogation probes. Multiple 
cycles of these processes are performed to complete 
one round of sequencing. The extension product is 

then denatured and a second round of sequenc-
ing is started with a new primer complementary 
to the n-1 position of the adapter. Sequencing by 
five rounds of these primer resets (until n-4) com-
pletes each read and each base of the template is 
sequenced twice (www.thermofisher.com/; Voelk-
erding et al., 2009). The accuracy rate of the SOLiD 
system can reach 99.94% which is higher than 
most other NGS systems because each base is read 
by twice (Liu et al., 2012; Goodwin et al., 2016). 
However, the very short read lengths (75 bp), the 
much longer runtime (at least 6 days) and the less 
well-developed kits of sample preparation limit its 
wide application, such as for genome assembly and 
structural variant detection (van Dijk et al., 2014; 
Goodwin et al., 2016).

Another well-known NGS platform purchased 
by Thermo Fisher is Ion Torrent. Although the 
Ion Torrent system adopts SBS methods similar to 
most NGS technologies, it is a unique sequencing 
platform employing an integrated complemen-
tary metal oxide semiconductor (CMOS) and an 
ion-sensitive field-effect transistor (ISFET) as the 
detection system (Goodwin et al., 2016). The detec-
tion is based on measurement of the pH change 
resulting from proton release during nucleotide 
incorporation but not fluorescence (Rothberg et al., 
2011). For sequencing, the chip is flooded with one 
nucleotide each time and the incorporated nucleo-
tide is in turn detected. If the incorrect nucleotide 
is added, no voltage will be detected. In case two 
nucleotides are added, there will be double voltage 
(Liu et al., 2012). For different research require-
ments, several types of chips and instruments are 
offered by Ion Torrent. Their throughputs range 
from ~50 Mb to 15 Gb and the runtimes are from 
2 to 7 hours (Table 3.1; Goodwin et al., 2016). The 
Ion PGM is the first commercial sequencer released 
by Ion Torrent, targeting to clinical applications 
and small labs. It possesses features of higher speed, 
lower cost and smaller size because it is not required 
to perform fluorescence labelling and camera scan-
ning (Liu et al., 2012). With the latest released 
318 chips, the Ion PGM improves the output to 
over 1 Gb. As to the higher-throughput Ion Proton 
system, the adopted Proton-I chip is manufactured 
by the 110 nm CMOS technology to increase the 
number of wells to ~165 million. It can produce 60 
to 80 million reads per run with an output of 10 Gb 
(Egan et al., 2012; Buermans and den Dunnen, 

Curr. Issues Mol. Biol. Vol. 27



Next-generation Sequencing Technologies in Orchid Biology | 57

2014). Aiming to develop NGS platform for clinical 
sequencing, Ion Torrent released its dedicated diag-
nostic instruments, the Ion PGM Dx and the Ion 
S5 series. The S5 series coupled with the Ion Chef 
library preparation and chip loading device could 
be one of the platforms with the simplest opera-
tion. In this combination system, argon required in 
other Ion Torrent instruments is unnecessary and 
the plug-and-play protocols have been established. 
However, the higher-throughput S5 devices along 
with the Ion Proton have limitations for elucidating 
long-range genomic or transcriptomic structure, 
because they cannot be applied for paired-end 
sequencing (Goodwin et al., 2016).

Helicos Biosciences
The Heliscope, released by Helicos Biosciences, is 
the first sequencer for single-molecule sequencing 
(SMS) derived from the technology developed by 
Braslavsky et al. (2003). It was considered as the 
interface between second- and third-generation 
sequencing. In this technology, DNA polymerase is 
used to acquire sequence information during syn-
thesis of the complementary strand of a single DNA 
template. The SMS approach is attractive because 
it can directly sequence nucleic acids in an unbi-
ased manner and prepare samples in a simple way. 
Without steps for cloning or PCR amplification, the 
GC-content and size biases appeared in other NGS 
could be avoided (Pushkarev et al., 2009; Thomp-
son and Steinmann, 2010). The sample preparation 
includes DNA fragmentation, addition of poly(A) 
tail at the 3′ end and fluorescence labelling of the 
final adenosine. The poly(A) tail of the DNA 
templates are hybridized to Poly(dT) oligonucleo-
tides randomly immobilized on a flow-cell surface 
by covalent bonding. These random sequencing 
positions are recorded by the fluorescence of the 
captured DNA templates. Before sequencing gets 
started, the fluorescent labels are cleaved and the 
flow cells are incubated with DNA polymerase and 
one of the four Cy5-labelled dNTPs. The ‘virtual 
terminator’ included in each nucleotide can pre-
vent a further incorporation. The excitation of Cy5 
from the incorporated dNTP is in turn detected 
at 647 nm. The process is repeated to determine 
the next incorporation of nucleotides (Harris et 
al., 2008; Goodwin et al., 2016). In addition to 
single DNA and cDNA molecules, the Heliscope 
is also the first system that can directly sequence 

RNA without reverse transcription (Ozsolak et al., 
2009). It can prevent the biases from cDNA synthe-
sis by using other RNA sequencing technologies. 
Moreover, both SMS of short and long RNAs 
can be done together without performing differ-
ent sample manipulation steps (Ozsolak, 2016). 
However, Helicos BioSciences filed for Chapter 
11 bankruptcy in 2012 and the properties were 
acquired by SeqLL in 2014. The SeqLL currently 
offers customized services for quantitative RNA 
and specialty DNA sequencing by using the True 
Single Molecule Sequencing technology (tSMS) of 
HeliScope Genetic Analysis System (http://seqll.
com).

Pacific Biosciences
The PacBio RS platform, released by Pacific 
Biosciences in 2010, is the first third-generation 
sequencing platform employing the Single-
Molecule Real-Time (SMRT) sequencing 
technology. It enables parallel and real-time detec-
tion of thousands of single-molecule sequencing 
reactions (Eid et al., 2009; Liu et al., 2012). The 
SMRT technology was developed based on the 
zero-mode waveguide (ZMW) technology pub-
lished at Science in 2003 (Levene et al., 2003). In 
the conventional approaches, pico- to nanomolar 
concentrations of fluorophores are suitable for 
optical observation of dynamics of individual 
molecules. However, ligand concentration at micro-
molar is usually required for biological reactions 
that make it necessary to reduce sample volume by 
three orders of magnitude for optical observation of 
single molecules. ZMWs are tiny nanoholes with a 
diameter of 70 nm and depth of 100 nm in a metal 
film. It was successfully applied to observe activity 
of a single DNA polymerase molecule at micro-
molar concentrations with microsecond temporal 
resolution (Levene et al., 2003; McCarthy, 2010). 
In the current PacBio RS II and Sequel systems, 
each SMRT cell consists of 150,000 and 1 million 
of ZMWs, respectively, with a single DNA poly-
merase at the bottom of each nanohole. The Sequel 
system thus can produce seven times as many reads 
as the PacBio RS II (www.pacb.com/products-and-
services/pacbio-systems/). During sequencing 
by synthesis, the DNA polymerase incorporates 
one of the four nucleotides labelled by different 
fluorescent dye into the complementary strand 
of the template DNA. The signal is immediately 
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captured and recorded as a movie format by camera 
inside the sequencer for real-time observation. 
The dNTP-bound fluorophore is cleaved by DNA 
polymerase before the next incorporation of dNTP 
(McCarthy, 2010; Liu et al., 2012).

Comparing to the second-generation sequenc-
ers, the PacBio platforms have several advantages 
including fast sample preparation (4 to 6 h), short 
run times (0.5 to 6 h) and long read lengths. With-
out PCR step in the sample preparation, the bias and 
error caused by PCR is reduced. In both of PacBio 
RS II and Sequel systems, half of the reads are over 
20 kb with an average of 10 kb making PacBio ideal 
for genome assembly and improvement of the 
existing draft genomes (Liu et al., 2012; www.pacb.
com/products-and-services/pacbio-systems/). In 
addition, by using unique circular DNA templates, 
the ones shorter than 3 kb can be sequenced multi-
ple times to generate a consensus read of insert, the 
so-called circular consensus sequence (Goodwin 
et al., 2016). However, the PacBio platforms have 
drawbacks of relatively low throughput and high 
cost, currently limiting the range of applications 
(van Dijk et al., 2014).

Oxford Nanopore
Oxford Nanopore is another third-generation 
sequencing technology because it also sequences 
single molecules in a real-time manner (van Dijk 
et al., 2014). Instead of monitor of incorporations 
or hybridizations of nucleotides employed by other 
sequencing technologies, the Nanopore platform 
can directly detect the nucleotide composition of 
single-stranded DNAs (Goodwin et al., 2016). To 
carry out sequencing, the bases are identified by 
the change in electrical conductivity when a DNA 
molecule is transited through a tiny biopore with 
diameter in nanoscale (Clarke et al., 2009; Liu et al., 
2012).The detection of single molecules based on 
the nanopore method has emerged from a PNAS 
paper published in 1996 (Kasianowicz et al., 1996). 
It was reported that single-stranded DNA and RNA 
molecules can be driven by an electric field through 
an ion channel formed by S. aureus α-hemolysin 
across a lipid bilayer. When each polynucleotide 
molecule translocates through the channel, it can 
be detected by a transient decrease or block of ionic 
conductance due to occupy of the pore’s volume. 
Therefore, the possibility of direct and rapid 
sequencing of single molecules of DNA or RNA by 

further improving this nanopore method was pro-
posed and investigated (Kasianowicz et al., 1996; 
Deamer and Akeson, 2000). It was proved that 
a single adenine nucleotide at a specific location 
can be identified by the characteristic reductions 
of ionic current in the α-hemolysin nanopore 
(Ashkenasy et al., 2005). However, the technique 
still cannot discriminate each base because the 
polynucleotide translocation rate is too high. By 
using an exonuclease enzyme to cleave individual 
nucleotides from DNA and covalent attachment 
of an adapter molecule to the protein nanopore, 
continuous detection of unlabelled individual 
nucleotide has been achieved (Clarke et al., 2009).

The first commercial nanopore sequencer for 
sequencing single DNA molecules is MinION 
released by Oxford Nanopore Technologies. It 
is an inexpensive portable device connecting to 
a PC or laptop by USB and capable of producing 
reads of up to 10 kb (van Dijk et al., 2014; Brown 
and Clarke, 2016). The initial ASIC (application-
specific integrated circuit) chip designed for 
MinION Mk1 flow cell has 512 individual channels 
enabling to sequence at ~70 bp per second. A new 
3000-channel ASIC was developed for the new 
released MinION Mk1B (with an expected increase 
to 500 bp per second) and PromethION, an 
ultra-high-throughput platform possessing 48 indi-
vidual flow cells with running at 500 bp per second 
(Goodwin et al., 2016; https://nanoporetech. 
com/products/minion). Very recently the protocol 
for direct RNA sequencing by the MinIon device 
has been developed. It is currently the only platform 
available for directly sequencing the original RNA 
strands without cDNA synthesis and PCR reac-
tion. Although the direct RNA sequencing method 
was firstly reported by Helicos in 2009, it depends 
on the synthetic copies of the native RNA strands 
through the SBS reaction. The RNA modifications 
cannot be detected by this approach (Garalde et al., 
2016).

Without performing PCR and fluorescent label-
ling steps before sequencing, the Nanopore system 
can reduce costs and increase sequencing speeds 
(Clarke et al., 2009; Laver et al., 2015). In addition, 
except for exonuclease, it is not required to use 
polymerase and ligase, making Oxford Nanopore 
less temperature sensitive than other platforms (Liu 
et al., 2012). Because sequence quality is high in 
the long reads sequenced by the Nanopore system, 
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it benefits to de novo sequencing, long-range hap-
lotype mapping and the high-resolution analysis 
of chromosomal structure variation (Clarke et al., 
2009; Laver et al., 2015).

An overview of current of orchid 
genome project

EST and BAC
Genomics studies for the orchids are just in their 
infancy. A survey of the literature revealed that 
genome size data for Orchidaceae are comparatively 
rare, representing just 327 species (Leitch et al., 
2009). Nevertheless, they reveal that Orchidaceae 
are currently the most variable angiosperm family 
with genome sizes ranging 168-fold (1C = 0.33–
55.4 pg). Large scale sequence analysis of orchid 
genomes was first revealed by bacterial artificial 
chromosome (BAC) end sequences analysis in 
Phalaenopsis orchid (Hsu et al., 2011). This work 
offers the first insights into the composition of 
the Phalaenopsis genome in terms of GC content, 
transposable elements present, protein-encoding 
regions, simple sequence repeats, and potential 
microsynteny between Phalaenopsis and other plant 
species (Hsu et al., 2011). In addition to the nuclear 
genome, the entire chloroplast genome of Phalae-
nopsis orchid is also sequenced. The chloroplast 
genome of P. aphrodite subsp. formosana is about 
150 kb, which encode 110 different known genes, 
including 74 protein-coding genes, four rRNA 
genes, 30 tRNA genes and two conserved reading 
frames of unknown function (Chang et al., 2006). 
Furthermore, the transcripts of 74 protein-coding 
genes from the chloroplast genome of P. aphrodite 
subsp. formosana were used to study extensively the 
pattern of RNA editing in chloroplasts. A total of 
44 editing sites are identified in the 24 transcripts 
of P. aphrodite chloroplast genes, and all are of the 
C-to-U conversion type (Zeng et al., 2007). On 
the basis of the above information, the chloroplast 
genome of several orchids were sequenced, includ-
ing Oncidium Gower Ramsey, P. equestris, Erycina 
pusilla, seven species in Cymbidium, Dendrobium 
officinale and Cypripedium macranthos (Wu et al., 
2010; Jheng et al., 2012; Pan et al., 2012; Yang et al., 
2013; Luo et al., 2014). Further plastome sequenc-
ing of orchids will be necessary to clarify the 
diversity of chloroplast genomes and to improve 

our understanding of the relationships within the 
Orchidaceae.

Large-scale EST sequencing provides a gateway 
into the genome of organisms owing to the massive 
information buried in the genome-scale expression 
data. Before NGS technology has been developed, 
the most popular sequencing method has been 
the Sanger method applied to the EST sequencing 
project. A subtractive EST library was constructed 
from the pseudobulb of O. Gower Ramsey, and 
1080 subtractive ESTs were obtained. Most ESTs 
were annotated as being involved in carbohydrate 
metabolism, in mannose, pectin and starch bio-
synthesis, transportation, and stress-related and 
regulatory function (Tan et al., 2005). To study gene 
expression in Phalaenopsis reproductive organs, a 
cDNA library was constructed from mature flower 
buds of P. equestris; 5593 ESTs were sequenced and 
assembled into 3688 unigenes (Tsai et al., 2006). 
In addition, a cDNA library has been constructed 
from scented P. bellina flower buds with the column 
removed; 2359 ESTs were sequenced and assem-
bled into 1187 unigenes (Hsiao et al., 2006). The 
set of floral scent-producing enzymes in the biosyn-
thetic pathway from glyceraldehyde-3-phosphate 
to geraniol and linalool is recognized through these 
ESTs and distinguished by comparing their expres-
sion patterns in P. bellina and a scentless species, 
P. equestris (Hsiao et al., 2006). A similar strategy 
was adopted for Vanda Mimi Palmer principally to 
mine any potential fragrance-related EST-SSRs as 
markers in the identification of fragrant vandaceous 
orchids endemic to Malaysia (Teh et al., 2011).

Orchid transcriptomes generated by 

NGS technologies

The sudden rise of relatively low-cost and rapid 
NGS technologies is dramatically advancing 
our ability to comprehensively interrogate the 
nucleic-acid-based information in a cell at unparal-
leled resolution and depth (Delseny et al., 2010). 
The technologies were rapidly adopted for orchid 
transcriptome analysis (Table 3.2). 206,960 ESTs 
were released from the pool containing P. equestris, 
P. aphrodite, and P. bellina and a total of 50,908 
contig sequences were from six different tissues 
of O. Gower Ramsey (Chang et al., 2011) by 454 
technology respectively to expansively cover the 
Phalaenopsis and Oncidium orchid transcriptome 
and facilitate identifying sets of genes involved 
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Table 3.2 Characteristics of findings in the literature for the application of next-generation sequencing to orchid 
transcriptomes

Subfamily Species
Sequencing 
platform Tissue Study aim Reference

Apostasioideae Apostasia 
shenzhenica

Illumina/Solexa Mature flower buds Study of floral 
development and 
evolutionary trends of 
orchid flowers

Tsai et al., 
2013

Apostasioideae Neuwiedia 
malipoensis

Illumina/Solexa Mature flower buds

Vanilloideae Vanilla shenzhenica Illumina/Solexa Mature flower buds
Vanilloideae Galeola faberi Illumina/Solexa Mature flower buds
Cypripedioideae Paphiopedilum 

armeniacum
Illumina/Solexa Mature flower buds

Cypripedioideae Cypripedium 
singchii

Illumina/Solexa Mature flower buds

Orchidoideae Habenaria delavayi Illumina/Solexa Mature flower buds
Orchidoideae Hemipilia forrestii Illumina/Solexa Mature flower buds
Epidendroideae Phalaenopsis 

equestris
Illumina/Solexa Mature flower buds

Epidendroideae Cymbidium sinense Illumina/Solexa Mature flower buds
Vanilloideae Vanilla planifolia Illumina/Solexa; 

Roche/454
Pod tissues, seeds Study of biosynthetic 

routes to flavour 
components

Rao et al., 
2014

Cypripedioideae Paphiopedilum 
concolor

Illumina Hiseq 
2000

Roots Identify the genes that 
control root growth 
and development

Li et al., 
2015b

Orchidoideae Ophrys species Roche/454; 
Illumina/Solexa

Flowers, labellums, 
leaves, flower organ 
from open flowers 
and buds

Identify genes 
responding for 
pollinator attraction

Sedeek et 
al., 2013

Orchidoideae Orchis italica Illumina/Solexa 
(MiSeq)

Inflorescences The roles of small 
RNAs on the flower 
development

Aceto et 
al., 2014

Orchidoideae Orchis italica Illumina Hiseq 
2500

Florets of 
inflorescence before 
anthesis

Analysing transcripts 
potentially involved in 
flower development

Paolo et 
al., 2014

Orchidoideae Serapias vomeracea Roche/454 Protocorms Investigate the 
molecular bases of 
the orchid response to 
mycorrhizal invasion

Perotto et 
al., 2014

Orchidoideae Anoectochilus 
roxburghii (Wall.) 
Lindl.

Illumina HiSeq 
4000

Dry seeds, seeds 
from asymbiotic 
or symbiotic 
germination

Study of seed 
germination process

Liu et al., 
2015

Orchidoideae Gastrodia elata 
Blume

Illumina Hiseq 
2000

Vegetative tissues, 
corms, juvenile 
tubers

Address the gene 
regulation mechanism 
in gastrodin 
biosynthesis

Tsai et al., 
2016

Epidendroideae Phalaenopsis 
aphrodite

Sanger: EST Protocorms Gene discovery and 
genomic annotation

Fu et al., 
2011; 
Hsiao et 
al., 2011Epidendroideae Phalaenopsis 

equestris
Sanger: EST Mature flower buds

Epidendroideae Phalaenopsis bellina Sanger: EST Mature flower buds 
without column
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Subfamily Species
Sequencing 
platform Tissue Study aim Reference

Epidendroideae Phalaenopsis 
aphrodite; 
Phalaenopsis 
equestris; 
Phalaenopsis bellina

Roche/454 Mixed tissues Gene discovery and 
genomic annotation

Fu et al., 
2011; 
Hsiao et 
al., 2011

Epidendroideae Phalaenopsis 
equestris

Illumina/Solexa Leaves

Epidendroideae Phalaenopsis 
aphrodite

Roche/454; 
Illumina/Solexa

Leaves, stems, 
roots, young 
inflorescences, 
stalks, flower buds, 
flowers, germinating 
seeds

Investigate expressed 
genes involved in 
many biological 
processes of orchids

Su et al., 
2011

Epidendroideae Phalaenopsis 
aphrodite

Illumina/Solexa Leaves, stalks, 
flower buds

Study the roles of 
small RNAs on the 
regulation of flowering

An et al., 
2011; 
An and 
Chan, 
2012

Epidendroideae Phalaenopsis 
aphrodite

Illumina/Solexa Leaves, roots, 
flowers, germinating 
seeds, young 
inflorescences

Identify species- 
and tissue-specific 
miRNAs

Chao et 
al., 2014

Epidendroideae Phalaenopsis 
Brother Spring 
Dancer ‘KHM190’

Illumina Hiseq 
2000

Petals, sepals or 
labellums from flower 
buds of wild-type 
and peloric petal 
mutant plants

Study regulation 
of floral- organ 
development

Huang et 
al., 2015

Epidendroideae Phalaenopsis sp. Illumina Hiseq 
2000

Explants Examine Phalaenopsis 
leaf explant browning

Xu et al., 
2015

Epidendroideae Oncidium ‘Gower 
Ramsey’

Roche/454 Leaves, 
pseudobulbs, young 
inflorescences, 
inflorescences, 
flower buds, mature 
flowers

Identify genes 
associated with 
flowering time

Chang et 
al., 2011

Epidendroideae Oncidium ‘Gower 
Ramsey’

Illumina/Solexa Roots with or without 
fungus

Study the roles of 
small RNAs on the 
interaction between 
root and the fungus

Ye et al., 
2014

Epidendroideae Erycina pusilla Illumina/Solexa Roots, leaves, 
peduncles, flowers, 
capsules

Investigate 
photoperiod-
dependent flowering 
genes

Chou et 
al., 2013

Epidendroideae Erycina pusilla Illumina/Solexa Roots, leaves, 
peduncles, flowers, 
capsules

Study the roles of 
small RNAs on the 
regulation of flowering

Lin et al., 
2013

Epidendroideae Cymbidium 
ensifolium ‘Tiegusu’

Illumina HiSeq 
2000

Flower buds, mature 
flower

Identify genes 
associated with floral 
development

Li et al., 
2013

Epidendroideae Cymbidium sinense 
‘Qi Jian Bai Mo’

Illumina HiSeq 
2000

Plants in vegetative 
phase/floral 
differentiation phase/
reproductive phase

Identify genes 
associated with floral 
development

Zhang et 
al., 2013

Epidendroideae Cymbidium 
hybridum ‘Golden 
Boy’

Illumina HiSeq 
2000

Roots with or without 
fungus

Study of orchid- 
mycorrhizal fungi 
interactions

Zhao et 
al., 2014

Table 3.2 Continued
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in a broad range of biological processes (Hsiao et 
al., 2011a; Chang et al., 2011). A total of 121,917 
unique transcripts were obtained from the Ophrys 
species by using 454 pyrosequencing and Illumina 
(Solexa) technologies to identify genes responding 
for pollinator attraction (Sedeek et al., 2013). To 
study the genes involved in alkaloid biosynthetic 
pathway and polysaccharide biosynthesis in Dend-
robium officinale, an important traditional Chinese 
herb, 454 pyrosequencing and Illumina technology 
was respectively applied to generate plentiful ESTs 
(Guo et al., 2013; Zhang et al., 2016b). To provide 
a general resource for studying on the pod develop-
ment of Vanilla plantifolia, one of the most valued 
flavour species for its flavour qualities and is there-
fore widely cultivated and used for the production 
of food additives, the combined 454/Illumina 
RNA-seq platforms produced high quality de novo 
transcriptome assembly for this non-model crop 
species (Rao et al., 2014). In addition, to improve 
the horticultural value of Phalaenopsis and Cym-
bidium, transcriptome derived from browning leaf 

of Phalaenopsis explant (sequencing by Illumina 
HiSeq 2000), and variable colour of Cymbidium leaf 
(sequencing by 454 pyrosequencing) were investi-
gated (Xu et al., 2015; Zhu et al., 2015). Orchids are 
unique among plants in that mycorrhizal symbioses 
with soil fungi are required throughout the life his-
tory stages, from seed germination to adulthood. 
To understand the molecular mechanism of orchid 
seed germination and the symbiotic orchid–fungus 
relationship, 454 and Illumina were adopted to 
explore transcriptomes derived from Serapias 
vomeracea (Perotto et al., 2014), C. hybridium 
(Zhao et al., 2014), Anoectochilus roxburghii (Liu et 
al., 2015), and Gastrodia elata (Tsai et al., 2016). In 
Orchidaceae, about 40% species adopt crassulacean 
acid metabolism (CAM) to fix carbon dioxide 
suggesting the Orchidaceae is the largest CAM 
clade (Silvera et al., 2009). To illuminate the origin 
and evolution of CAM pathway, transcriptomes 
derived from leaves of CAM orchids P. equestris, D. 
terminale and C. mannii were sampled at different 
time interval and sequencing by Illumine HiSeq 

Subfamily Species
Sequencing 
platform Tissue Study aim Reference

Epidendroideae Cymbidium 
ensifolium ‘Tiegusu’

Illumina/Solexa Flower bud Identify miRNAs 
related to floral 
development

Li et al., 
2015c

Epidendroideae Cymbidium 
ensifolium ‘tianesu’

Roche/454 Sepals, petals, 
labellums, 
gynostemia from 
flower buds and 
mature flowers

Reveal genes 
associated with floral 
organ differentiation

Yang and 
Zhu, 2015

Epidendroideae Cymbidium sinense 
‘Dharma’

Roche/454 Roots, leaves, 
pseudobulbs, 
flowers

Analyse molecular 
mechanism underlying 
leaf-colour variations

Zhu et al., 
2015

Epidendroideae Cymbidium sinense; 
Cymbidium 
atropurpureum; 
Cymbidium mannii 

Illumina HiSeq 
2000

Leaves Explore the evolution 
and molecular 
regulation of CAM 
plants

Zhang et 
al., 2016c

Epidendroideae Dendrobium 
officinale

Roche/454 Stems Study of alkaloid 
biosynthesis

Guo et 
al., 2013

Epidendroideae Dendrobium 
officinale

Illumina HiSeq 
2000

Juvenile and adult 
plants

Identify genes 
associated with 
polysaccharide 
synthesis

Zhang et 
al., 2016b

Epidendroideae Dendrobium 
officinale

Illumina HiSeq 
2500

Flower, roots, leaves, 
stems

Study of the 
regulatory networks 
of the production and 
accumulation of the 
medicinal constituents

Meng et 
al., 2016

Table 3.2 Continued
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2000 (Deng et al., 2016; Zhang et al., 2016c). To 
study the development of spectacular orchid flower 
morphology, developing floral transcriptomes 
originating from Cymbidium (Li et al., 2013; Yang 
et al., 2015; Zhang et al., 2013), Orchis (De Paolo 
et al., 2014), and Phalaenopsis (Huang et al., 2015) 
were applied to identify genes associated with 
floral development. Recently, root transcriptome 
from Paphiopedilum concolor was also produced to 
explore genes involved in orchid root development 
(Li et al., 2015b). The accumulated transcribed 
sequences could be directly used to develop 
microarray platform, and be the resource for phy-
logenetic analysis. For example, an oligomicroarray 
containing 14,732 unigenes based on the infor-
mation of expressed sequence tags derived from 
Phalaenopsis orchids was developed and applied 
to compare transcriptome among different types 
of floral organs including sepal, petal and labellum 
(Hsiao et al., 2013). 315 single-copy orthologous 
genes extracted from the transcriptomes of spe-
cies covering five subfamilies of Orchidaceae were 
applied to reconstruct a more robust phylogeny of 
orchids, and the results indicated that this method 
is more efficient and reliable than methods based 
on a few gene markers for phylogenic analyses, 
especially for the holomycotrophic species or 
those whose DNA sequences have been difficult to 
amplify (Deng et al., 2015).

Next-generation sequencing technologies are 
not only applied to characterize orchid transcrip-
tomes but also used to systematically analyse small 
RNAs in orchids (Table 3.2). The roles of small 
RNAs were studied on the regulation of flowering 
in P. aphrodite and E. pusilla (An et al., 2011; An and 
Chan, 2012; Lin et al., 2013), flower development 
in Orchis italica (Aceto et al., 2014; De Paolo et al., 
2014) and Cymbidium ensifolium (Li et al., 2015c), 
and interaction between the fungus Piriformospora 
indica and the root of an Oncidium hybrid orchid 
(Ye et al., 2014). Later, comprehensive collection 
of small RNAs derived from P. aphrodite (Chao 
et al., 2014), and D. officinale (Meng et al., 2016) 
were performed. These efforts provide valuable 
information about the composition, expression 
and function of small RNAs and will aid functional 
genomics studies of orchids.

Recently, OrchidBase has collected the tran-
scriptome sequences from 11 Phalaenopsis 
cDNA libraries and flower tissue of 10 species 

distributed in five subfamilies of Orchidaceae (Fu 
et al., 2011; Tsai et al., 2013; Niu et al., 2016). 
The EST sequences collected in OrchidBase were 
obtained through both deep sequencing with ABI 
3730, Roche 454 and Illumina/Solexa. Orchid-
Base is freely available at http://orchidbase.itps.
ncku.edu.tw/ and provides researchers with a 
high-quality genetic resource for data mining and 
efficient experimental studies of orchid biology 
and biotechnology. Another orchid transcriptomic 
database, Orchidstra (http://orchidstra.abrc.
sinica.edu.tw), was constructed from the 233,924 
unique contigs of the transcriptome sequences of 
P. aphrodite by use of a Roche 454 and Illumina/
Solexa platform, and the genes of tissue-specific 
expression were categorized by profiling analysis 
with RNA-seq (Su et al., 2011). Oncidium cDNA 
libraries for six different organs, including leaves, 
pseudobulbs, young inflorescences, inflorescences, 
flower buds and mature flowers, were generated 
from 50,908 contig sequences by use of the Roche 
454 platform and were constructed into the Oncid-
iumOrchidGenomeBase (http://predictor.nchu.
edu.tw/oogb/) (Chang et al., 2011). All this EST 
information will be very useful for gene annotation 
in genomic sequencing, specificity of orchids, and 
organization of the orchid genome. The plentiful 
collection of ESTs and BESs in Phalaenopsis makes 
them reasonable candidates for orchid whole-
genome sequencing. The two native Phalaenopsis 
species in Taiwan, P. equestris and P. aphrodite subsp. 
formosana, are usually used as parents for breed-
ing and have a relatively small genome size of 
3.37 pg/2C and 2.80 pg/2C, respectively. The basic 
studies and genomics information collected have 
laid the groundwork for P. equestris to serve as a 
model orchid plant for whole-genome sequencing.

Orchid genome project

With the quick development and lower cost of NGS, 
whole genome sequencing of non-model species, 
like orchids, can be realized. The first milestone is 
sequencing the tropical epiphytic orchid Phalaeno-
psis equestris, a frequently used parent species for 
orchid breeding (Cai et al., 2015). The P. equestris 
genome is sequenced via a whole-genome shotgun 
strategy (Illumina technology) and the genome 
size is estimated to be 1.16 Gb contains with 29,431 
predicted protein-coding genes. Analysing the P. 
equestris genome showed that repetitive DNAs, 
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mostly transposable elements (TEs), account for 
the majority of the genome, at 62%. The authors 
find evidence for an orchid-specific paleopoly-
ploidy event that preceded the radiation of most 
orchid clades. This species is also the first whole-
genome-sequenced CAM plant and a gene family 
(α carbonic anhydrase) involved in CAM pathway 
is found having an obvious expansion which sug-
gests that gene duplication might have contributed 
to the evolution of CAM photosynthesis in P. eques-
tris. In addition, genes located at the heterozygous 
regions might relate to self-incompatibility. Genes 
in type II MADS-box clades, including the E-class, 
C/D-class, B-class AP3 and AGL6 clades, are found 
contained more genes than other species. These 
expanded clades are involved in orchid floral organs 
which can support the unique evolutionary routes 
of these floral organ identity genes associated with 
the unique labellum and gynostemium innovation 
in orchids. Furthermore, the Phalaenopsis genome 
sequence was applied to identify MYB genes con-
trolling floral pigmentation patterning (Hsu et al., 
2015), and TCP genes involved in ovule develop-
ment (Lin et al., 2016).

Having both ornamental value and a broad range 
of therapeutic effects, Dendrobium officinale is the 
other Orchidaceae plant which was sequenced by 
combining the second-generation Illumina Hiseq 
2000 and third-generation PacBio sequencing tech-
nologies (Yan et al., 2015). The assembled genome 
of D. officinale has a predicted 35,567 protein-
coding genes. The number of predicted genes in 
D. officinale is higher than that in Phalaenopis. For 
example, the number of B-class MADS-box genes 
presented in D. officinale is much higher than that in 
Phalaenopsis. In Phalaenopsis, there are four mem-
bers in B-class AP3-like subfamily, and one member 
in B-class PI-like subfamily. In contrast, there are 
19 AP3-like genes and five PI-like genes presented 
in the Dendrobium genome. It is possible that the 
plants used for the whole genome sequencing 
are not native species, but hybrids. Later, another 
Dendrobium species, Dendrobium catenatum (鐵皮
石斛), was whole genome sequenced by Illumina 
HiSeq 2000 platform (Zhang et al., 2016a). The 
predicted 28,910 protein-coding genes are com-
parable with those of Phalaenopsis, and a whole 
genome duplication event could be share with Phal-
aenopsis. The expansion of many resistance-related 
genes in Dendrobium suggests a powerful immune 

system responsible for adaptation to a wide range 
of ecological niches. In addition, extensive duplica-
tion of genes involved in glucomannan synthase 
activities is likely related to the synthesis of medici-
nal polysaccharides. Expansion of MADS-box gene 
clades ANR1, StMADS11, and MIKC*, involved in 
the regulation of development and growth, suggests 
that these expansions are associated with the aston-
ishing diversity of plant architecture in the genus 
Dendrobium (Zhang et al., 2016a).

These complete genome sequences of Orchi-
daceae species will facilitate future research on 
the diversity and evolution of orchid plants. The 
genome sequences will also be an important 
resource for genetic engineering, such as molecular 
marker-assisted breeding and the production of 
transgenic plants, which are necessary to increase 
the efficiency of orchid breeding and aid orchid 
horticulture research.

Future perspective
About 2500 years ago Confucius wrote ‘Lan 
(orchid) that grows in the deep valleys never 
withholds its fragrances even without being appre-
ciated’. Then, 300 years ago, Charles Darwin, in a 
letter to Joseph Hooker, wrote ‘I never was more 
interested in any subject in my life, than in this 
of Orchids’. Because of the unique reproduction 
strategy in orchids, their origin has been a recurring 
question in botany and evolutionary biology since 
the nineteenth century. The study of orchid biology 
by using NGS technologies, although still young, 
has already offered new and exciting perspectives 
on this intriguing plant family. Recent advances in 
sequencing technologies and functional genomics 
methodologies have allowed studies on orchid biol-
ogy to become a standard scientific research topic 
accessible to many investigators, which has in turn 
resulted in many exciting new discoveries. With the 
whole genome sequences of P. equestris, D. catena-
tum, and D. officinale available, the genetic blueprint 
of orchids provides a basic understanding of the 
genetic basis of orchids. Furthermore, the genome 
sequences of the primitive orchid Apostasia and one 
of the most popular aromatic orchids, Vanilla, will 
be available soon. The efforts by many scientists to 
use a plethora of genome information and genom-
ics tools will lead to a promising understanding of 
the biological, physiological, molecular and genetic 
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mechanisms of orchids in years to come. In addi-
tion, we will have access to a greater portion of their 
genetic diversity, thus allowing orchid breeders 
to associate this diversity with phenotypic traits 
and to continue to engineer new varieties better 
adapted to a changing environment. Clearly a new 
era of orchid biology is now open because of the 
sequencing revolution.
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