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Premise of the study: Biodiversity assessment is the first step in protecting the complete range of morphological and genetic
diversity of species on Earth, and in reaching the goals of conservation biology. Assessment begins with identifying organisms
that make up biological communities and understanding evolutionary histories. Scientific advancements in molecular sequenc-
ing can help clarify and provide support for identifications. Massively parallel DNA sequencing technologies are being used to
sequence complete genomes of model organisms; however, this resource has not been fully used for species identifications.
Animal researchers commonly use one mitochondrial region, and groups of plant scientists have proposed numerous combina-
tions of two or three chloroplast markers as genomic identifiers. Yet, nearly as many studies have reported that the proposed
regions are uninformative in some plant groups and at various taxonomic levels.

Methods: We propose a combination of whole (or nearly whole) chloroplast genomes, mitochondrial genes, and nuclear repeat
regions for both species identifications and phylogenetic analyses, obtained from a simple total DNA extraction and one run on
massively parallel DNA sequencing machines.

Key results: We have recovered both coding and noncoding sequences from multiple genetic sources, providing genomic in-
formation for comparisons within and between multiple taxonomic levels.

Conclusions: In combination with morphological and other data, this abundance of genomic information will have a broad
range of applications, including not only helping conservation biologists understand ecosystem biodiversity, but also under-
standing the evolutionary histories of organisms, mending damaged landscapes, and investigating interactions of plants with
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pollinators and pests.
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Conservation planning begins with a comprehensive evalua-
tion of regional biodiversity. Knowledge of organisms’ life his-
tories, speciesrichness,endemism, rarity, range of morphological
and genetic variability, and evolutionary histories are all part of
a biodiversity assessment, but the necessary first step is identi-
fication of the organisms themselves. Several calls have been
made in the last 15 years for systematists to contribute to con-
servation and biodiversity assessment and to make taxonomic
data more accessible to a larger audience (Vane-Wright, 1996;
Soltis and Gitzendanner, 1999; Sytsma and Pires, 2001; Cracraft,
2002; Godfray, 2002; Liston, 2003; Hendry et al., 2010). With
recent advances in molecular sequencing technologies, there
has never been a better time to respond to the call with great
effort and enthusiasm. The newest DNA sequencing method,
called massively parallel (MP) or next-generation technology,
is capable of delivering more data at lower cost and with less
presequencing laboratory preparation than traditional Sanger
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sequencing, which has been the standard for over 30 years. Al-
though MP sequencing has been available only for a few years,
equipment manufacturers have already improved the technol-
ogy substantially, and research scientists have applied the
method in a great variety of investigations (e.g., Cronn et al.,
2008; Mardis, 2008; Morozova and Marra, 2008; Smith et al.,
2008; Wheeler et al., 2008; Harismendy et al., 2009; Valentini
et al., 2009; Li et al., 2010; Atherton et al., 2010; Givnish et al.,
2010; Rounsley and Last, 2010). A relatively unexplored area
of this high-throughput MP sequencing is its application to bio-
diversity assessment (but see Nock et al., in press), perhaps be-
cause of prohibitive costs and lack of technical expertise to
process the large quantities of data generated. However, costs
are decreasing, and bioinformatics programs are improving.
Our experience with MP sequencing suggests that this
method will revolutionize DNA sequencing and phylogenetic
efforts. After samples are collected from the field, laboratory
work for this type of DNA sequencing includes an extraction of
total genomic DNA from <20 mg of leaf tissue or 25 mg of ani-
mal tissue and preparation of a sequencing library (Fig. 1). Both
steps can be performed with commonly available, prepackaged
kits. After MP sequencing, data are available for assembling
various regions (using available software) from all the genomes
in an organism, including the complete chloroplast genome in
plants and the whole mitochondrial genome in insects and other
animals. These data can be combined with morphological, eco-
logical, and geographical information to identify the organisms,
infer evolutionary histories, and form a complete picture of the
biodiversity of any region (Fig. 2). Additionally, this informa-
tion can be made available on the Internet. This technology is
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Fig. 1. Comparison of processes for obtaining sequences for individual, short DNA regions, chloroplast, mitochondrial, and nuclear repeat (CpMtNuc)
regions, and only chloroplast DNA.

advancing so rapidly that some day there will be desktop se- paper, we discuss the current state of biodiversity assessment

quencing machines and, likely, handheld instruments for field
use (first proposed by Paul Hebert, University of Guelph) by
both professional scientists and amateurs (citizen scientists)
such that they can identify any organism they desire. In this

and organism identification, give a brief overview of various
MP sequencing methods by current manufacturers, discuss cur-
rent applications, and then present the possible applications of
MP sequencing to understanding the biodiversity that makes up
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Fig. 2. Biodiversity assessment. Conservation planning begins with understanding the biodiversity of a geographical region, and this starts with iden-
tifying the organisms, based on a combination of classical taxonomic techniques and genomic sequencing CpMtNuc data.
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Earth’s ecosystems. We conclude with a comment on the feasi-
bility of even small laboratories conducting the methods described
herein, and an outlook on the future of species identification,
given advancements in technology and online resources.

BIODIVERSITY ASSESSMENT

Biodiversity assessments typically consist of identifying spe-
cies and evaluating one or more metrics: (1) species richness
(number of species), (2) evenness (ratio of various species),
and/or (3) character diversity (phenotypic difference) (Purvis
and Hector, 2000). Because it is the simplest way to describe
community and regional diversity (Magurran, 1988), the most
common of these metrics is species richness. (For in-depth dis-
cussions of the pros and cons of measuring species richness, see
Myers et al., 2000; Purvis and Hector, 2000; Nilsson et al.,
2001; Gotelli and Colwell, 2001; Funk and Richardson, 2002.)
Biodiversity inventories of most geographic regions are not
comprehensive, and many scientists believe that identifying all
species in a particular landscape is nearly impossible (Nilsson
etal., 2001). Because of this, a few species are often selected as
“indicator” taxa, which act as surrogates for the diversity of
those taxa that are not inventoried. To direct conservation plan-
ning, this practice is often combined with complementarity,
whereby the land is divided into a grid, species distribution is
assessed, and then complementary sets of grids containing each
taxon at least once are selected for conservation (Van Jaarsveld
et al., 1998). In other words, given a set of areas to potentially
conserve, select the area (or areas) with the greatest species
richness. However, there are many problems with these tech-
niques, such as uninformative surrogate species (Van Jaarsveld
et al., 1998) and sampling issues (Gotelli and Colwell, 2001).
The greater the number of species that can be identified and
counted without using surrogates, the better.

Additional metrics being used to evaluate biodiversity in-
clude phylogenetic diversity (PD), first described by Faith
(1992), and more recently discussed by Magnuson-Ford et al.
(2010). Phylogenetic diversity estimates evolutionary relation-
ships and reveals genetic distances between samples in a data
set. Species and geographical regions are selected to preserve
the greatest combination of evolutionary history. Several stud-
ies have used this technique to successfully evaluate a set of
species (e.g., Beenaerts et al., 2010), including a suggestion to
combine PD assessment with endemism (Mogers and Redding,
2009). The method has seen limited use in evaluating geo-
graphic regions (but see Forest et al., 2007; Donoghue, 2008),
perhaps because of the difficulties in identifying and sequenc-
ing useful molecular markers for many varied samples. More
recent applications have incorporated additional measures such
as extinction probability (Faith, 2008), rarity (Rosauer et al.,
2009), and abundance (e.g., Cadotte et al., 2010). Applications
of phylogeny to biodiversity have broadened into studies of
community assembly and ecology (Donoghue, 2008) and into
ecosystem functioning research (King, 2009).

Regardless of which biodiversity metric is used, species
identification is central to the measurement. It is the primary
area in which new systematics tools can make the greatest con-
tribution to conservation and biodiversity assessment. As dis-
cussed by Hendry etal. (2010), phylogeneticists and evolutionary
biologists can improve biodiversity science, conservation, and
policy by applying their investigative techniques to discovering
and documenting biodiversity, understanding the causes of
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diversification, and evaluating evolutionary responses to
human disturbances. In fact, these authors initiated a new proj-
ect called bioGENESIS, in which evolutionary biologists can
brainstorm ways to make practical contributions in understand-
ing and reducing the loss of biodiversity (Hendry et al., 2010).

The call for systematists to play a role in biodiversity assess-
ment is not new. In addition to training parataxonomists (field-
trained, biodiversity specialists who gather and organize
specimens; Janzen, 2004), setting up easily accessible reference
collections, and making conservation and environmental evalu-
ations, Vane-Wright (1996) requested user-friendly species
identification systems. Soltis and Gitzendanner (1999) identi-
fied four areas in which systematists could contribute to conser-
vation of rare plant species: (1) solidifying species concepts, (2)
identifying lineages worthy of conservation, (3) setting conser-
vation priorities, and (4) evaluating the effects of hybridization
on the biology and conservation of rare species. And more re-
cently, Godfray (2002) has challenged the taxonomic commu-
nity to completely rethink its strategies for assembling and
distributing information about species classification and no-
menclature. Indeed, the newly developed, web-based CATE
(Creating a Taxonomic e-Science) project promotes commu-
nity-facilitated revisions such that it may one day be the single
source of authoritative information about taxa for both the sci-
entific community and amateurs (Clark et al., 2009). Using
state-of-the-art technologies, the procedures described next can
help build these online databases and will allow systematists to
make important contributions to conservation planning and bio-
diversity inventories.

ORGANISM IDENTIFICATION

Organism identification is essential to many disciplines. Here,
we highlight some of those applications, discuss the importance
and limits of identification based on both classical taxonomic
techniques and on DNA sequencing, and argue for an integrated
approach to organism identification (Fig. 2). In this paper, we
refer to the fundamental units of biodiversity as species, be-
cause it is the term most used by scientists and the public. Indeed,
conservation planners and government agencies would have
difficulty protecting ecosystems and writing effective laws if
species boundaries were not defined (Primack, 2008).

Species identification is important in many industries and
fields of study. Restoration ecologists must accurately identify
native plant species suitable for rebuilding damaged ecosys-
tems (Guerrant et al., 2004). Forensic scientists use plant traces
to aid in resolution of legal issues, and a correctly identified
plant along with its anatomy and ecological requirements can
serve as botanical evidence about a crime scene or the where-
abouts of a suspect or victim (Lane et al., 1990). Law enforce-
ment and customs agents must be able to efficiently and
accurately identify plant species to prevent trafficking of rare
plants such as orchids (CITES, 2010). Harvesters of wild plants
for food and medicinal uses must be certain that the right plant
species are collected before distribution to the public. Ecolo-
gists need to identify organisms of study at different life stages
to understand their life histories. And finally, conservation
biologists must be able to correctly identify plant species for
many reasons, including (1) fighting nonnative, invasive spe-
cies by documenting the scope of the problem and helping to
raise awareness, (2) reseeding restoration areas with appropri-
ate species, (3) protecting native and/or threatened species by
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preserving all life in an ecosystem, and (4) understanding bio-
logical diversity (CPC, 2010).

Classical identification—Plant species are typically de-
scribed by taxonomists, and they are differentiated from other
species based predominantly on morphological characters.
Other criteria are used in taxonomic keys to delineate species
such as habitat, ecological niche, life history traits, and geo-
graphic distribution. Identification of species based on mor-
phology requires taxonomic expertise and the presence of
multiple characteristics at a certain life stage of the organism.
This can make identification difficult when characters such as
flower color, flower shape, and leaf morphology change over
the life of an individual (e.g., Steele et al., 2010). Furthermore,
classical taxonomic methods alone often cannot be used to de-
termine species from seeds or plant fragments that may be pres-
ent in animal dung, on an herbarium specimen, or at a crime
scene. Consequently, an identification strategy is necessary for
augmenting classical taxonomic techniques.

DNA barcoding—In recent years, systematists have begun
to consider the variation in DNA sequences among species as
characters to define the species. However, monographs, taxo-
nomic revisions, keys to identification, and descriptions of new
species are still primarily based on morphological characteristics
(but see Steele, 2010 and Fig. 3). Molecular data will not
(and should not) replace species distinctions based on physical
characteristics; however, they can provide supporting evidence
for and contribute to making taxonomic decisions (as demon-
strated by the process in Fig. 2).

Since it was brought to mainstream attention by Hebert et al. in
2003, DNA barcoding has gained much attention, both posi-
tive and negative (for examples of extensive discussions on this
topic, see: Godfray, 2002; Tautz et al., 2002; Blaxter, 2003;
Hebert et al., 2003; Lipscomb et al., 2003; Seberg et al., 2003;
Tautz et al., 2003; Moritz and Cicero, 2004; Will and Rubinoff,
2004; Chase et al., 2005; DeSalle et al., 2005; Hebert and Gregory,
2005; Marshall, 2005; Savolainen et al., 2005; Will et al., 2005;
Cowan et al., 2006; Rubinoff et al., 2006; Hajibabaei et al., 2007;
Sass et al., 2007; Vogler and Monaghan, 2007; Kress and
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Erickson, 2008; Stoeckle and Hebert, 2008; Fazekas et al.,
2008, 2009; Gonzalez et al., 2009; Packer et al., 2009; Spooner,
2009; Vernooy et al., 2010). DNA barcoding is a method of
identifying organisms using standardized portions of their ge-
nome. In addition to the contributions that DNA barcoding has
made and will likely continue to make to scientific investiga-
tions, the technique has also found mainstream public use in
what is sometimes called citizen science. A few of the more
popular applications are described in several Internet articles,
such as identifying endangered tuna species in consumer prod-
ucts (Lowenstein et al., 2009), exposing fake ferns in the inter-
national plant trade (e! Science News, 2010a), and detecting the
movement of insect pests (e! Science News, 2010b).

In 2003, Hebert et al. suggested a mitochondrial gene, cyto-
chrome c oxidase I (COI), as a DNA barcode for global identi-
fication of animals. Although it has not always worked optimally
(Meier et al., 2006), COI has been tested in several insect and
other animal groups with much success (e.g., Blaxter et al.,
2004; Hebert et al., 2003, 2004a, b; Smith et al., 2005, Hajibabaei
et al., 2006; Witt et al., 2006). The task of finding an equivalent,
suitable DNA barcode for plants, however, has proven to be
much more difficult and controversial.

Because the mitochondrial genome in plants typically has
very low levels of variability, most attention has focused on the
chloroplast genome with the addition, in some cases, of the in-
ternal transcribed spacers (ITS) of the nuclear ribosomal genes.
Plant scientists generally agree that multiple chloroplast regions
must be used together for a DNA barcode for plants, and sev-
eral working groups have proposed various combinations for
identifying flowering plants (ITS + trnH-psbA, Kress et al.,
2005; portion of matK, Lahaye et al., 2008), land plants (ITS +
rbcL, Chase et al., 2005; rpoC1 + rpoB + matK or rpoCl +
matK + psbA-trnH, Chase et al., 2007; portion of rbcL + trnH-
psbA, Kress and Erickson, 2007; rbcL + matK, CBOL, 2009),
Amazonian trees (morphology plus various combinations of
rbcL, rpoCl, rpoB, matK, ycf5, truL, psbA-trnH, and ITS
Gonzalez et al., 2009), and a 50-ha forest in Panama (rbcL +
matK + trnH-psbA, Kress et al., 2009). Each of these groups
suggested a different combination of regions as DNA barcodes
for plants. Further, a multitude of studies has since shown that

1. Leaves simple, trilobed or 5-lobed, sometimes deeply, but never trifoliolate ......... ... ... . . 2
2. Chloroplast DNA region rpoB-trnC matches P. racemosa reference sequence and geographic distribution

in Colombia or Venezuela ................coiiiiiiiiniennnn..

2. Chloroplast DNA regions rpoB-trnC and/ or psbZ-trnM match P. umbrosa reference sequences and geographic

distribution in Venezuela, Brazil, or Lesser Antilles ............

1. Leaves bifid, trifoliolate, or pedate, with immature leaves often simple and lobed, or sometimes a combination of shapes ..................... 3
3. Stem surface light green with darker green splotches, leaves trifoliolate, pedate, or seldom simple and trilobed, large
lobes on outside of side leaflets, and chloroplast DNA region ndhF-rpL32 matches P. umbrosa reference sequence,
but not matching regions rpoB-trnC and/ or psbZ-trnM with P. umbrosa reference sequences ............................. 6. P. warscewiczii
3. Stem surface solid green, leaves bifid, trifoliolate, pedate, with immature leaves often simple and lobed,

or sometimes a combination of COMPIEXItIES ... .. ... . 4
4. Leaf margins with veins extending beyond the margins of the leaves, chloroplast DNA region ndhC-trnV matches
P. pedata reference sequence, and geographic distribution in Greater Antilles or rarely Costa Rica. ......................... 1. P. pedata
4. Leaf margins seldom with veins extending beyond the margins of theleaves ....... ... ... ... ... .. ... ... ... .. i 5
5. Leaves trifoliolate, or rarely pedate, and main vein in side leaflets strongly off-center, typically with small lobes
on outside base of side leaflets, chloroplast DNA region 3rps16-trnQ matches P. ternata reference sequence, and
geographic distribution in Peru, Brazil, Bolivia, or Paraguay ................oiuiiiiiiiiiiiiiiiiiiiiiia. 3. P. ternata

5. Leaves simple and elliptic, 2-lobed, trilobed, trifoliolate, or mixed complexities; main vein in side leaflets not
strongly off-center, typically without lobes on outside base of side leaflets, chloroplast DNA regions
ndhC-trnV, ndhF-rpL32, and/ or 3rps16-trnQ match P. triphylla reference sequences, and geographic distribution

in Mexico, Central America, or South America .........

....................................................... 4. P. triphylla

Fig. 3. Taxonomic key to species of Psiguria (Cucurbitaceae) without staminate flowers, reproduced from Steele (2010). GenBank accessions for

DNA regions are listed in Steele et al. (2010).
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these and other marker combinations differ in their ability to
amplify, produce clean sequences, or discriminate species, and
some have failed completely in certain plant groups (e.g., Sass
et al., 2007; Fazekas et al., 2008, 2009; Gonzalez et al., 2009;
Spooner, 2009).

Despite some failures, these gene combinations will continue
to be successful in some plant groups and for some investiga-
tions. However, as noted by Fazekas et al. (2008), the poor re-
sults obtained by some plant scientists indicate that DNA
barcoding systems that include only a few chloroplast markers
may indicate a limit to their ability to differentiate species.
For those applications in which a close approximation of the
species or identification to family or genus of the organism is
sufficient, combinations of two to three of the genes mentioned
will often be adequate. However, other challenges such as the
design of broadly useful primers and variation in PCR success
(discussed later) may hinder the present DNA barcoding
methods. Fazekas et al. (2008) further conclude that regardless
of the region or regions chosen as plant DNA barcodes, some
species may be better distinguished by other regions. Because
this gene-by-gene approach has not yielded a universal barcode
despite the effort expended, an alternative approach is needed
that has the power to detect variation at all taxonomic levels and
to distinguish hybrids. Ideally, the alternative would be as
simple and as economical as current DNA barcodes, but it
would include information from both organellar DNA and the
nuclear genome.

MASSIVELY PARALLEL SEQUENCING: METHODS

The first decade of this century saw the development and in-
troduction of several novel methods for high-throughput DNA
sequencing (without cloning of DNA fragments into bacterial
vectors), such as the 454-FLX (Roche Diagnostics Corp., Basel,
Switzerland), SOLiD (Applied Biosystems by Life Technolo-
gies Corp., Carlsbad, California, USA), and Genome Analyzer
(Illumina, San Diego, California). These massively parallel
(MP) sequencing technologies were called next-generation by
most researchers; however, with the recent launch of even
newer technologies, sometimes termed next-next generation,
later generation, 3rd generation or now generation, we suggest
the “generation” terminology has outlived its usefulness. Since
their introduction, the various MP sequencing machines have
continued to improve, offering increasing quantities (and qual-
ity) of sequence at ever-lower costs. A review of the techno-
logical details of MP sequencing and differences between the
various manufacturers are discussed in several other publica-
tions (e.g., Margulies et al., 2005; Bentley, 2006; Church, 2006;
Hutchison, 2007; Shaffer, 2007; Bentley et al., 2008; Mardis, 2008;
Rothberg and Leamon, 2008; Rusk and Kiermer, 2008; Schuster,
2008; Shendure and Ji, 2008; von Bubnoff, 2008; Ansorge, 2009;
Lister et al., 2009; Pettersson et al., 2009; Metzker, 2010).
Here, we review template preparation, sequencing, and data
analysis for MP sequencing.

Template preparation—Extracting total genomic DNA
using a kit is much faster than isolating chloroplast genomes,
and the further preparation of samples for MP sequencing (mak-
ing libraries) is simpler than that for Sanger sequencing used in
current DNA barcoding methods. The following is a discussion
about the differences between these methods for both DNA ex-
traction and sequencing preparation (Fig. 1).
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For sequencing an entire chloroplast genome using Sanger
sequencing, chloroplasts must first be isolated. In fact, some
researchers using MP sequencing prepare samples this way;
however, it is quite complex and unnecessary. Chloroplast ge-
nomes (and, potentially, proplastids and other nonchloroplast
genomes) are obtained by first isolating the organelles, lysing
their membranes, and then multiplying the genomes using roll-
ing circular amplification (RCA) following the procedures of
Palmer (1986), Jansen et al., (2005), or others. Rolling circular
amplification products are then sent to large central laboratories
for sequencing, and several weeks later, electronic files of reads
(sequence fragments) are obtained that are ready for assembly.
The results obtained will include only chloroplast genome se-
quences. In contrast, using a kit such as Qiagen’s DNeasy Plant
Mini (Germantown, Maryland, USA), total genomic DNA from
several different samples can be extracted each day, utilizing
small, bench-top microcentrifuges, even in small laboratories.
The resulting DNA can be tested for chloroplast content using
real-time PCR (rt-PCR) with 1 pL of the extraction. However,
to get accurate results, it is necessary to be extremely precise
when measuring DNA quantities and dilution volumes, and
many samples contain molecules that confound these measure-
ments and the results. Therefore, this test is not highly accurate
but can still be informative, giving some indication of the per-
cent chloroplast DNA in the sample.

For traditional polymerase chain reaction (PCR) and Sanger
sequencing of a few genes, once DNA is extracted, forward and
reverse primers may need to be designed for each region to be
sequenced and for each taxonomic group of interest. This is not
a trivial task. PCR is conducted, and amplicons are visualized
on agarose gels. If no amplicons are detected, the PCR reaction
ingredients or ratios, thermal cycler routine, primers, or a com-
bination of these in multiple iterations must be adjusted in an
attempt to successfully amplify the amplicon in all samples.
Finally, after obtaining amplicons, the products are cleaned,
and then sequencing reactions are sent for Sanger sequencing.
The typical products are reliable forward and reverse reads of
the gene region. This procedure must be repeated for every
gene region up to ca. 1200 bp long.

With MP sequencing, first a library is made from total ge-
nomic DNA. The library is sent to a core sequencing facility,
and reads are received that will nearly always assemble into a
complete chloroplast genome for plants, various mitochondrial
genes (whole mitochondrial genomes for animals/insects), and
nuclear ribosomal repeat regions. Sequencing libraries may
also be made from the RCA product of chloroplast isolations,
but the resulting reads will not include sequences from the mi-
tochondrial or nuclear genomes. Making libraries for Illumina
sequencing requires two kit-based procedures. (We focus on
this manufacturer/technology because it is the one with which
we have the most experience. Similar template/library prepara-
tion procedures are necessary for other MP sequencers.) A mul-
tistep kit procedure (using a kit such as NEB #E6000L from
New England Biolabs, Ipswich, Massachusetts, USA) is con-
ducted to make a solution of particular-sized fragments of all
DNA in the organism. Steps include shearing the DNA (by
sonication or chemical treatment), repairing ends, preparing
fragments for adapter ligation, ligating adapters, selecting the
appropriate fragment size from an agarose gel, and then enrich-
ing the product with a PCR. Other than shearing time in the first
step, no adjustments are required in the preparation of different
samples. The adapters, and therefore PCR primers, are standard
and the same for each template, so no additional input or design
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is required for each sample. In sum, while traditional DNA
barcoding may require fine tuning of the PCR process for each
taxonomic group, MP sequencing library preparation uses a
universal protocol.

Sequencing—Since 454 Life Sciences first introduced its
technology in 2005 (Margulies et al., 2005), the top three manufac-
turers of MP sequencers (Roche Diagnostics, Applied Biosys-
tems by Life Technologies, and Illumina) have continually
improved their systems for the number of reads per run and output
read lengths. Early sequencing read lengths from 454 Life Sci-
ences, [llumina/Solexa, and Applied Biosystems/SOLiD were 250
bp, 25-35 bp, and 25-35 bp, respectively (Mardis, 2008). On
1 June 2010, the 454 Life Sciences website indicated that their
FLX sequencer could sequence “more than 1 million high-qual-
ity reads per run and read lengths of 400 bases,” and they antici-
pated increasing that to nearly 1000 bases in the year 2010
(Roche, 2010). On this same date, Illumina’s website reported
“75+ bp reads for a total of > 20 Gb of paired-end data per run”
(Illumina, 2010). In 2010, on an Illumina sequencing machine,
our laboratory tested new chemistry and software that resulted
in 120-bp reads (unpublished data). Applied Biosystems’
SOLIiD technology is now reaching up to 75-bp read lengths
(Applied Biosystems, 2010). With longer reads, coverage of the
genomes will be greater and confidence in final sequences
higher. As these outputs improve, the resulting data will be
more informative and more useful for genome sequencing and
organismal identification.

Data analysis—The greatest challenges facing those
researchers wanting to use MP technology for sequencing
genomes are related to bioinformatics—processing and analyz-
ing the data. The read files are quite large, and assembly pro-
grams are in their infancy. Desktop computers or access to
servers with large amounts of storage and memory are required
for the initial steps. Once compiled into a handful of longer con-
tig sequences using a de novo assembler such as Velvet (Zerbino
and Birney, 2008) or Mira (Chevreux et al., 1999) or reference-
based assemblers such as Yasra (Ratan, 2009) sequences can be
manipulated and visualized in traditional sequence-manipulating
programs such as Geneious (Biomatters, Aukland, New Zealand)
or Sequencher (Gene Codes Corp., Ann Arbor, Michigan, USA).
Then genes can be annotated, and exons, introns, rRNAs, and
tRNAs can be identified. DOGMA (Wyman et al., 2004) can be
used for annotating organellar genomes and preparing them for
publication. Additional bioinformatics challenges are reviewed
by Pop and Salzberg (2008), and various de novo assembly pro-
grams are reviewed by Miller et al. (2010).

As MP sequencing and its applications have grown, mem-
bers of the bioinformatics community have been developing
computer programs to help biologists analyze the massive
amounts of data produced. In addition to those programs
already listed, biologists and computer scientists have been
working together to write computer programs that can be run on
a desktop computer with minimal specialized expertise. For ex-
ample, biologists at the University of Missouri and computer
scientists at the University of Missouri Informatics Institute
have been writing scripts that will ease the burden of analyzing
large amounts of data (A. Tegge, C. Hudson, B. Pang, and
N. Shao, unpublished data). These programs will perform three
important functions: (1) assembling sequence reads into larger
consensus contigs, (2) identifying and annotating genes, and (3)
aligning coding and noncoding sequences for phylogenetic
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analyses. The various computer programs may be used in a va-
riety of ways, depending on the investigation. The programs are
being written along with instruction manuals such that anyone
familiar with using a computer will be able to use them. Even-
tually, a web-based interface could be developed.

Costs— Another limitation to the widespread use of MP tech-
nologies is the current cost of sequencing. When compared to
Sanger technology for sequencing a few genes, the price of se-
quencing entire organellar genomes plus nuclear repeat regions
using MP sequencing is still higher; however, the amount of
data generated is also several times higher. A current estimate
is that sequencing one chloroplast region costs ca. US$25-30
per sample and sequencing chloroplast-mitochondrial-nuclear
repeat (CpMtNuc) regions costs ca. US$200-300, which trans-
lates into 10 times the cost for more than 100 times the informa-
tion. The costs for sequencing must be weighed against the
amount and value of the data generated, along with compari-
sons of time required to prepare samples for sequencing and
time to analyze the data. The cost for MP sequencing is con-
tinuously falling as technologies improve, but the decision
about which method to use will depend on the specific investi-
gation and its goals. If a researcher is working on those plant
groups in which universal primers successfully amplify the de-
sired regions and if there is variation between samples at the
taxonomic level being studied, then traditional PCR methods
may suffice in both phylogenetics and species identification in-
vestigations. However, if the DNA barcoding process does not
generate sufficient data or sequence variation, MP sequencing
may be preferable. MP sequencing also gives data for additional
studies such as chloroplast biology (e.g., rearrangement, gene
loss or gain, whole plastid genome rates of evolution)

MASSIVELY PARALLEL SEQUENCING: APPLICATIONS

Initially, the scientific community was slow to accept MP
sequencing systems because they were unproven and more ex-
pensive than the classical Sanger sequencing technology used
since its inception (Sanger et al., 1977). Today, the MP ap-
proach seems to have finally gained general acceptance as the
number of applications has greatly increased over the last few
years, costs are decreasing, and future applications appear to be
numerous. In Table 1, applications of the gene-by-gene ap-
proach to sequencing using traditional PCR are compared to
those using MP sequencing.

Current applications—One of the earliest uses of MP tech-
nologies was to sequence the whole nuclear genome of a
human, James D. Watson (Wheeler et al., 2008), and more re-
cently that of the giant panda (Li et al., 2010). Ecologists are
using MP sequencing in a variety of investigations, including
metagenomics, which evaluates genetic diversity in soil or wa-
ter samples (e.g., Valentini et al., 2009; Yahara et al., 2010).
Several applications have been addressed in genetics, such as
mutation discovery, regulatory protein binding, discovering
noncoding RNAs (Mardis, 2008), and targeted sequencing of
candidate genes (Harismendy et al., 2009) as well as functional
genomics, such as gene expression profiling, protein coding gene
annotation, detection of aberrant transcription events (Morozova
and Marra, 2008), and characterizing a mutant genome (Smith
etal., 2008). MP sequencing is also finding applications in plant
biology (e.g., Rounsley and Last, 2010), conservation genetics



March 2011]

TasLE 1. Comparison of the applications of the gene-by-gene sequencing
approach to the massively parallel sequencing of CpMtNuc regions.

Topic of investigation Gene-by-gene Cp + ITS CpMtNuc

ID to family or genus + +

ID to species + +

Species ID support from multiple lines + +
of evidence

Phylogenetics at various taxonomic + +
levels

Identify hybrids + +

Use in taxonomic keys + +

Notes: CpMtNuc = chloroplast, mitochondrial, and nuclear repeat; ID =
identification; + = yes; = = sometimes.

(Avise, 2010), and assessment of genetic diversity of functional
traits (Yahara et al., 2010).

Potential applications to biodiversity and beyond—The
DNA regions obtained from MP sequencing—partial/whole
chloroplast genomes, partial/whole mitochondrial genomes, and
nuclear ribosomal and other repeat regions (collectively called
CpMitNuc regions)—have the potential to contribute a wealth of
useful information to scientific research and inquiry. Both as a
species identification tool and as a tool for understanding evolu-
tionary history and relationships between species, CpMtNuc
regions can aid in a great number of investigations including but
not limited to restoration ecology, forensic science, agricultural
science, law enforcement and border patrol, identifying areas of
endemism, behavioral ecology, selecting the right biological
control agent, bioprospecting, assessing the chemical compo-
nents of closely related species, and conservation biology.

The development of tools that are useful for these applica-
tions will begin with a database of information, built by the
systematics community. As species are identified by taxono-
mists, CpMtNuc regions may be sequenced for each species
and made available online along with information such as mor-
phology, ecological characteristics, and geographic distribu-
tion, similar to or in conjunction with the CATE database (Clark
et al., 2009). As the information is gathered, MP sequencing
technologies will improve, costs will drop, and bioinformatics
tools will become more readily available, making it easier for
even amateurs to use these data as the process becomes more
automated. It will take many years to build a database such as
this and will require efforts by expert taxonomists, biologists,
and phylogeneticists. However, as mentioned before, this is a
great time to start this process.

Although some researchers argue that species identifications
and phylogenies should be conducted separately (Chase et al.,
2005; Rubinoff et al., 2006), CpMtNuc regions can be used for
both. CpMtNuc regions include both coding and noncoding re-
gions in conserved and highly variable locations in the genome;
therefore, comparisons can be made at higher and lower taxo-
nomic levels with different portions of the data. Applications to
both types of investigation are discussed here.

Species identification—Some scientists have come to be-
lieve that the best prospect for a consistent, reliable identifica-
tion system for all species lies in DNA (e.g., Hebert et al.,
2003). However, to develop a complete picture of any species,
these data should be combined with morphological, geographi-
cal, and ecological information in species descriptions and tax-
onomic keys (Figs. 2, 3). The way to tie these data together is to
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have DNA sequences published and available for multiple indi-
viduals across the morphological and geographical range of a
species that contains a vouchered specimen as identified by a
taxonomist. Not only will this procedure provide molecular
support for species identifications, but it will also make avail-
able multiple DNA sequences for each species for applied sci-
entific investigations. It should also encourage the training of
more taxonomic experts. The challenge, as has been typical
throughout taxonomic history, will be to define boundaries be-
tween species. Molecular evidence from MP sequencing should
aid this process. The ultimate goal is to provide tools for both
scientists and amateurs (though the tools may be different) for
understanding biodiversity and distinguishing species.

A species description is typically based on character mea-
surements from the range of collected samples from multiple
populations, even though only one sample is designated as the
type specimen. In similar fashion, multiple samples of a puta-
tive species must be sequenced to measure genomic variation.
The range of molecular variation across the collections will rep-
resent the tolerable genomic differences within a species. How
is that range of acceptable sequence divergence determined?
By the investigating scientist, just as it has always been at the
discretion of the expert taxonomist to investigate, understand,
and describe the morphological range of variation within a species.
Scientists will likely never agree upon a universal sequence diver-
gence threshold to distinguish all species, just as species have
varying levels of morphological differences between taxonomic
groups. Therefore, just as with classical delineations decided by
the taxonomist working on the group, the systematist will be the
one who assesses genomic differences, aligns them with phylo-
genetic, morphological, geographical, and other evidence, and de-
cides where to draw the line between species (Fig. 2).

CpMtNuc regions may be incorporated into taxonomic keys.
In a recent taxonomic revision by Steele (2010) of a genus of
tropical vines, chloroplast DNA regions were included in a key
to species (reproduced here in Fig. 3). Male flowers in this ge-
nus provide the best morphological variation between species,
but they are not always present because, although these plants
are monoecious, the carpellate and staminate flowers are tem-
porally and spatially separated by great distances (Steele, 2010).
As a consequence, the more traditional morphological key is
only useful if male flowers are present. The second key (Fig. 3)
utilizes a combination of leaf characteristics, geographical in-
formation, and a specific chloroplast DNA region for each
species identified from multiple collections from multiple
populations (Steele, 2010). These DNA barcodes are available
in the GenBank database so that future scientific investigations
in the genus can positively identify a species by comparing the
appropriate DNA sequence to those in the online database.
CpMtNuc regions resulting from MP sequencing can be used in
the same way and can be linked with collections through her-
barium and museum databases.

As discussed, efforts to identify DNA barcodes for all plants
have resulted in several possible groupings of two or three chlo-
roplast regions and, in some cases, nuclear ITS. These combi-
nations have proven difficult to apply globally across plant
clades, and most do not include nuclear regions that are neces-
sary for assessing hybridization (Spooner, 2009). CpMtNuc
regions provide an alternative option for the creation of an In-
ternet database of DNA sequences (Table 1), and because these
data include nuclear regions, they may be able to inform sys-
tematists about hybridization. As MP sequencing improves, and
as mainstream technology is developed, the Internet database can
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be incorporated into hand-held devices, which can be used by
scientists and amateurs for species discovery in the pursuit of
comprehensive biodiversity assessment.

One exception to the use of CpMtNuc regions may be with
older or degraded herbarium specimens. The possibility of
using these methods still needs to be tested, and this is an instance
in which traditional DNA barcoding may be a good option.
However, using MP sequencing methods, we have successfully
sequenced the whole chloroplast genome of a plant sample
from a 16-yr-old herbarium specimen (unpublished data).

Phylogenetics and conservation—CpMtNuc sequences can
be used for estimating phylogenetic relationships at various
taxonomic levels. They can contribute to investigations of gene
and character trait evolution, whole chloroplast or mitochon-
drial genome evolution, and biogeographic studies. For all re-
search projects utilizing partial/whole chloroplast genomes,
partial/whole mitochondrial genomes, or nuclear ribosomal and
other repeat sequences, the use of MP technologies to sequence
CpMitNuc regions may provide a more efficient alternative to
traditional methods. Having whole chloroplast or mitochondrial
genomes for even one or two representatives from each clade in
a phylogenetic study can provide a plethora of information
about variation in the group. These data can help identify the
most variable regions of these genomes and can lead to more
efficient primer design and PCR practices when only a few
genes are desired for the questions being studied.

Some of the most important conservation questions can be
addressed with phylogenetics. Understanding genetic, morpho-
logical, and phylogenetic diversity in potential reserve areas
can help conservation planners make decisions about the most
important regions on which to concentrate available funds. It is
not enough to calculate species richness; the evolutionary rela-
tionships between species must be understood (Hendry et al.,
2010). Knowledge about the biological communities and the
species that make them up can give scientists evidence that
helps policy makers make good, logical choices about nature
preserves and urban planning. Furthermore, phylogenetic stud-
ies can help scientists identify areas that contain actively spe-
ciating groups, identify the origin of and track the spread of
invasive species, understand the causes of diversification, and
evaluate evolutionary responses to human disturbances (Soltis
and Gitzendanner, 1999; Hendry et al., 2010).

Anticipating the future—MP sequencing machines are
quickly becoming miniaturized and are moving from DNA core
facilities to individual laboratories. In November 2009, Roche
(maker of the 454-FLX sequencer) announced their GS Junior
System—a desktop printer-sized sequencer—that, coupled with
a computer also supplied by Roche, can do MP sequencing and
assembly of smaller genomes (such as bacterial, viral, or small
fungal genomes). It is conceivable that a single handheld field
device will be designed that can assess the DNA, incorporate
morphology, ecology, and geography through interactive keys
and graphics, and provide species identification of any biological
sample. Indeed, many modern cell phones already have cameras
and GPS capabilities that may soon have applications for con-
necting to specimen databases and electronic keys. Until a hand-
held field device is available, researchers can collect samples in
silica gel, conduct the two kit-based laboratory procedures de-
scribed earlier, and have their samples sequenced by a sequenc-
ing center. In fact, any researcher with access to a microcentrifuge
and a computer with Internet access can perform the methods
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described here. Fast, accurate species identification will be facili-
tated by the development of reference genomes across the tree of
life and online resources for data analysis. MP sequencing and
therefore CpMtNuc regions are within reach of any researcher
with the foresight to apply this technology to their investigation.
Systematists can make significant contributions to conservation
efforts by applying this technology in biodiversity assessments
and by providing reliable and efficient identifications of species
to conservation planners and policy makers.
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