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Virtually all empirical ecological studies require species
identification during data collection. DNA metabarcoding
refers to the automated identification of multiple species
from a single bulk sample containing entire organisms or
from a single environmental sample containing degraded
DNA (soil, water, faeces, etc.). It can be implemented for
both modern and ancient environmental samples. The
availability of next-generation sequencing platforms and
the ecologists” need for high-throughput taxon identifica-
tion have facilitated the emergence of DNA metabarcod-
ing. The potential power of DNA metabarcoding as it is
implemented today is limited mainly by its dependency
on PCR and by the considerable investment needed to
build comprehensive taxonomic reference libraries. Fur-
ther developments associated with the impressive pro-
gress in DNA sequencing will eliminate the currently
required DNA amplification step, and comprehensive tax-
onomic reference libraries composed of whole organellar
genomes and repetitive ribosomal nuclear DNA can be
built based on the well-curated DNA extract collections
maintained by standardized barcoding initiatives. The
near-term future of DNA metabarcoding has an enor-
mous potential to boost data acquisition in biodiversity
research.
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Introduction

DNA sequencing technologies have undergone impressive
improvements with the recent emergence of next-gen-
eration sequencing (NGS) platforms (Shendure & Ji 2008;
Glenn 2011). These new platforms can provide billions of
sequence reads in a single experiment, which corresponds
to an improvement of at least five orders of magnitude
when compared to traditional Sanger sequencing using
capillary electrophoresis. Such a dramatic leap in sequenc-
ing capacity has the potential to revolutionize many areas
of scientific inquiry. However, while the immediate impact
on genomics and transcriptomics is obvious, the impact of
the new technologies on biodiversity research is more diffi-
cult to assess. In this opinion paper, we examine the cur-
rent impact of NGS for biodiversity research and point to
future trends in high-throughput species identification
using degraded DNA from multiple species in environ-
mental samples.

DNA-based species identification

Virtually all empirical ecological studies require species
identification during data collection. Identification typi-
cally relies on easily observable morphological characteris-
tics, but various DNA-based strategies have been
developed for those in cases where morphology-based
identification proved problematic (Fig. 1). The first meth-
ods were proposed at the end of the 1980s and were
based on DNA hybridization (Southern blots) either by
using specific probes (e.g. Gale & Crampton 1987; Gibson
et al. 1988) or by prior restriction enzyme digestion and
electrophoresis (restriction fragment length polymorphism,
RFLP; e.g. Curran & Webster 1987). With the invention of
PCR-based amplification of DNA (Mullis & Faloona 1987;
Saiki et al. 1988) and the design of universal primers (e.g.
Kocher et al. 1989; Taberlet et al. 1991), species identifica-
tion moved towards being based on direct sequencing
(e.g. Cronin et al. 1991) or hybridization (e.g. Teletchea
et al. 2008) of PCR products. Initially, many different
nuclear and organellar DNA regions were targeted for
DNA amplification and sequencing, but the approach has
now been standardized and designated ‘DNA barcoding’
(Hebert et al. 2003). This initiative is supported by
the Consortium for the Barcode of Life (CBoL; http://
www.barcodeoflife.org/). The standardized DNA barcodes
are a 658-bp region of the mitochondrial cytochrome c oxi-
dase I gene (COI) for animals (Hebert et al. 2003), and
two 500- to 800-bp plastid fragments of the large subunit
of ribulose 1,5-bisphosphate carboxylase gene (rbcL) and
the maturase K gene (matK) for plants (Hollingsworth
et al. 2009). Whereas only a few articles dealing specifi-
cally with DNA-based species identification were available
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Fig. 1 DNA-based species identification. Past and current
approaches, and possible future trends.

before 2003, hundreds of articles have been published
since the emergence of the DNA barcoding concept.
Clearly, standardization was an important step in the
development of DNA-based species identification, and it
has encouraged extensive international efforts to build tax-
onomic reference libraries of the standardized regions.
However, the barcoding standards were designed to iden-
tify species from more or less intact DNA isolated from
single specimens using Sanger sequencing, and focus
more on the variability of the amplified region than on
the nonvariability of the primer sites and the length of the
targeted DNA region.

The emergence of DNA metabarcoding in relation
to next-generation sequencing and to the needs
of the scientific community

Here, we introduce the term ‘DNA metabarcoding’ to desig-
nate high-throughput multispecies (or higher-level taxon)
identification using the total and typically degraded DNA
extracted from an environmental sample (i.e. soil, water, fae-
ces, etc.). Species identification from bulk samples of entire
organisms (e.g. Chariton et al. 2010; Creer et al. 2010; Pora-
zinska et al. 2010; Hajibabaei et al. 2011), where the organ-
isms are isolated prior to analysis, can also be considered as
DNA metabarcoding. Below, we will restrict our consider-

ations to the analysis of environmental DNA (eDNA),
because analysis of bulk samples has very relaxed technical
constraints compared to that of environmental samples.
Bulk samples are usually composed of a restricted taxo-
nomic group and provide high-quality DNA allowing the
use of a longer barcode, even the standardized ones. We will
also emphasize that because the goal of DNA metabarcoding
is to identify taxa, it should be clearly differentiated from
metagenomics that ‘describes the functional and sequence-
based analysis of the collective microbial genomes contained
in an environmental sample’ (Riesenfeld et al. 2004).

The emergence of DNA metabarcoding was because of
technology catching up to a scientific need. Standardized
(‘traditional’) DNA barcoding does not fulfil all the needs
of ecologists. As it is designed to identify single specimens
with DNA that is more or less intact, it typically requires
the isolation of a suitable specimen to be analysed, which
is time-consuming and, for some taxonomic groups, diffi-
cult or virtually impossible. Consequently, standardized
barcoding is limited in the number of specimens that it can
identify. We must therefore accept that standardized DNA
barcoding is not ideal for high-throughput species identifi-
cation for use in ecological studies, although it has an obvi-
ous added value in many situations where classical species
identification is difficult and in facilitating the discovery of
new species. These limitations have been surmounted by
the increasing availability of NGS machines that permit
high-throughput techniques such as DNA metabarcoding.
At the moment, sequencing platforms can produce up to
6 billions of sequence reads of 100 bp per run, with the
possibility to implement paired-end experiments (Glenn
2011). Thus, it is not any more a problem to obtain several
thousands of sequence reads per amplicon, and the length
of the sequence reads is already fully compatible with the
short fragment lengths required for eDNA metabarcoding.
There is no doubt that the technology will improve still
further. As a consequence, NGS has the potential to pro-
vide an enormous amount of information per experiment
from in-depth sequencing of uniquely tagged amplicons
(Binladen et al. 2007; Valentini et al. 2009). So, why not use
eDNA to simultaneously identify many species in a single
experiment? After some initial experiments based on
PCR/cloning/sequencing (Willerslev et al. 2003, 2007), the
approach using NGS has already demonstrated its poten-
tial, for analysing plant communities using soil samples
(Yoccoz et al. 2012), for reconstructing past plant or animal
communities using permafrost or ice samples (Haile et al.
2009; Senstebo et al. 2010; Boessenkool et al. 2012; Jorgen-
sen et al. 2012a,b; Epp et al. submitted), for tracking earth-
worms using soil samples (Bienert et al. 2012), for
monitoring vertebrate biodiversity (Andersen et al. 2012),
or for diet analysis using faeces or stomach content as a
source of DNA (see review in Pompanon et al. 2012).

However, there are significant constraints when designing
an eDNA metabarcoding study. First, eDNA is often highly
degraded, and long fragments of several hundreds of base
pairs cannot be reliably amplified (Willerslev et al. 2004;
Hansen et al. 2006). Second, because many species have to
be amplified in the same PCR experiment, it is extremely
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important that the primers used for the amplification be
highly versatile, that is, that they amplify many different tar-
get molecules with the same efficiency, without missing spe-
cies containing target sequences that do not match well with
the primers. For these two reasons, the standardized DNA
barcodes cannot reliably be used for analysing eDNA, and
new DNA metabarcodes must be designed according to the
aim of each study. Several bioinformatic tools have recently
been designed for finding the most optimal metabarcodes
and primers (ecoPrimers program; Riaz et al. 2011) and for
testing their characteristics (ecoPCR program; Bellemain
et al. 2010; Ficetola et al. 2010).

Current limitations of eDNA metabarcoding

Despite its potential power for high-throughput species
identification, eDNA metabarcoding as implemented today
has several limitations. One such limitation is its current
dependency on PCR. The requirement for a DNA amplifi-
cation step in the eDNA metabarcoding approach has
many drawbacks.

First, PCR can introduce errors during the amplification
(Cline et al. 1996), both substitutions and insertions/dele-
tions. In metabarcoding studies, errors observed in the out-
put sequences have three origins: degradation of template
DNA (comparable to that observed in ancient DNA experi-
ments), errors during amplification and errors during
sequencing, the latter varying among different sequencing
technologies. Errors produced during PCR appear to be
abundant relative to sequencing errors, which occur at a
rate of about 0.25% per nucleotide for the Roche 454 and
Illumina sequencing platforms, the Roche 454 being more
prone to errors in homopolymers (Glenn 2011). The use of
a proofreading polymerase might reduce substitution
errors, but will not solve the main problem of polymerase
slippage during the elongation (Hauge & Litt 1993; Litt
et al. 1993; Murray et al. 1993). Such slippage artefacts pro-
duce length variation in homopolymers, resulting mainly
in shorter artefactual copies.

The second drawback with using PCR on eDNA is its
reliance on finding a suitable metabarcode, namely, one
that possesses a short variable DNA region suitable to tar-
get a particular taxonomic group, flanked by two highly
conserved regions of ~20 bp to anchor the primers. The
length constraint to allow working with highly degraded
DNA will also reduce the taxonomic resolution of metabar-
codes compared with that of the 500-800 bp long standard-
ized barcodes. Nevertheless, suitable metabarcoding
markers have been relatively easy to find, for example, for
vascular plants and bryophytes (Taberlet et al. 2007; Epp
et al. submitted), vertebrates (Riaz et al. 2011; Shehzad
et al. 2012), birds (Epp et al. submitted), earthworms (Bien-
ert et al. 2012) and fungi (Epp et al. submitted). Nonethe-
less, some taxonomic groups are recalcitrant, and it is
difficult to find suitable metabarcodes on mitochondrial
DNA, even when using the ecoPrimers program (Riaz
et al. 2011). This is the case, by way of example, for nema-
todes that have very divergent mitochondrial genomes,

© 2012 Blackwell Publishing Ltd

making the identification of a short variable region flanked
by two conserved regions difficult.

The third problem with PCR is attributed to the need to
analyse different groups of organisms (archaea, bacteria,
fungi, plants, arthropods, vertebrates, etc.) separately. As a
consequence, it is extremely difficult to assess the relative
proportion of each group within a DNA extract.

Another important limitation of eDNA metabarcoding is
the need for high-quality taxonomic reference databases,
that is, libraries containing the targeted sequences of the rel-
evant species obtained from sequencing taxonomically veri-
fied and curated specimens that are secured in long-term
storage (such as the library provided for circumarctic vascu-
lar plants by Senstebe et al. 2010). As high-quality reference
libraries are time- and resource-consuming to build, the
ideal situation would have been to design short metabar-
codes within the standardized barcodes. Such an approach
would benefit from the enormous effort made by the Inter-
national Barcode of Life (http://ibol.org/) to build reference
libraries containing several hundred thousand species.
Unfortunately, designing suitable short metabarcodes within
the standardized barcodes is a very difficult task. This is
because the primer targets of the standardized barcodes are
protein-coding. Even if it were possible to find conserved
regions at the amino acid level, the corresponding DNA
sequence (i.e. the target sequence of the primers) is typically
variable, especially at every third nucleotide of each codon.
Although primers targeting such regions can amplify DNA
from single specimens relatively efficiently, they do not pro-
vide equally good matches to all target sequences derived
from a bulk or environmental sample (i.e. a mixture of many
species), introducing bias in DNA amplifications. They are
therefore not suitable for DNA metabarcoding.

However, a considerable part of the investment needed
to build reference libraries goes to specimen collection,
identification by taxonomic experts, databasing, DNA
extraction, and curation and storage of the reference speci-
mens and DNA extracts. The enormous collection of DNA
extracts built by standardized barcoding initiatives can
therefore also serve as a resource for eDNA metabarcod-
ing, as new target regions can be sequenced based on the
same DNA extracts.

Finally, identifying a species from a single organellar
marker is problematic, as discussed for standardized bar-
coding (see e.g. Will et al. 2005; Rubinoff et al. 2006). In
this respect, eDNA metabarcoding suffers from the same
drawback as standardized barcoding. Interspecific mito-
chondrial and plastid introgressions are common and well
documented (Rieseberg & Soltis 1991; Petit & Excoffier
2009), and species that are young in evolutionary terms
have often not yet achieved monophyly for these markers
(i.e. incomplete lineage sorting), which can potentially lead
to erroneous identifications.

The future of eDNA metabarcoding

Based on the above discussion, it becomes clear that the
main limitations of eDNA metabarcoding are its depen-
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dency on PCR and on the requirement for considerable
investment to build comprehensive taxonomic reference
libraries.

How to avoid PCR in eDNA metabarcoding experi-
ments? One possibility would be to replace the PCR by a
capture approach (Fig. 1, see e.g. Hodges et al. 2007;
Briggs et al. 2009; Hodges et al. 2009; Avila-Arcos et al.
2011) using oligonucleotides (=capture probes) that target
conserved regions. As single conserved regions are often
scattered (i.e. not as pairs separated by short distances as
required to design metabarcodes for PCR), the possibility
of finding suitable capture probes is much higher than
that of finding suitable PCR-based metabarcodes. Further-
more, as many capture probes can be used in the same
experiment, this strategy creates the possibility to analyse
hundreds of short DNA regions flanking the capture
probes, all at once. This means that not only can many
different taxonomic groups be analysed using the same
eDNA extract and in the same capture experiment, but
several capture probes can be used for the same taxo-
nomic groups, targeting both organellar and nuclear
DNA regions. Thus, a standardized set of capture probes
has the potential to decipher, in a single experiment,
most of the species contained in an eDNA extract, includ-
ing those of archaea, bacteria, protists, fungi, plants and
animals. We suggest focusing on repetitive DNA, that is,
plastid, mitochondrial and nuclear ribosomal DNA to
increase the proportion of informative fragments in the
eDNA extract.

A simpler possibility to avoid PCR would be to directly
sequence the eDNA extract (Fig. 1) with NGS platforms,
which can produce several billions sequence reads per
experiment (e.g. using the Illumina HiSeq 2000 platform).
Such experiments would be similar to the current metage-
nomic approach (e.g. Riesenfeld et al. 2004; Tringe et al.
2005), except that the goal would not be to assemble whole
microorganism genomes or to find the most common func-
tional genes, but to use repetitive DNA to identify the dif-
ferent species. However, at the moment, we do not know
the proportion of potentially informative sequence reads
(i.e. the proportion of mitochondrial, chloroplast and
nuclear ribosomal DNA) that is possible to obtain in such a
sequencing experiment. In any case, this proportion should
be higher than one per cent for plant and animal DNA, as
chloroplast DNA represents around 10% of the total DNA
in plants (Bowman 1986), mitochondrial DNA around 1%
of the total in animals, and ribosomal nuclear DNA is mas-
sively repeated. Currently, a single sequencing lane on the
[Nlumina HiSeq 2000 produces more than 300 million reads,
which can probably lead to more than one million informa-
tive plant and animal reads, but this depends on the pro-
portion of DNA from archaea, bacteria and fungi.
Furthermore, such a shotgun approach would have the big
potential advantage to provide the relative proportions
among the different types of DNA originating from the dif-
ferent taxonomic groups.

How to meet the need for high-quality taxonomic refer-
ence libraries for eDNA metabarcoding? The power of NGS

platforms already allows the routine sequencing of whole
mitochondrial and whole plastid genomes (Moore ef al.
2006; Timmermans et al. 2010; Nock et al. 2011). A rela-
tively limited shotgun sequencing of any eukaryote species
can lead to suitable coverage of organelle DNA as well as of
ribosomal nuclear DNA. Sequencing several thousands of
whole plastid or mitochondrial genomes is now realistic
within a single research project. The very large collection of
well-curated DNA extracts built by standardized barcoding
initiatives can also serve as a resource for this purpose. We
can therefore imagine that in the very near future, the num-
ber of whole-mitochondria and plastid sequences will dra-
matically increase, facilitating operational species
identification from shotgun sequencing of eDNA, provided
that appropriate bioinformatic tools are then available.

Conclusion

Environmental DNA metabarcoding has an enormous
potential to boost data acquisition in biodiversity research.
At the moment, we are at the very beginning of perfecting
this approach, but we anticipate that further developments
associated with the impressive recent progress made in
DNA sequencing technologies will allow elimination of a
DNA amplification step, and that comprehensive taxo-
nomic reference libraries composed of whole organellar
genomes and repetitive ribosomal nuclear DNA can be
built. In this context, a major challenge will be to develop
new bioinformatic pipelines especially designed for exploit-
ing such massive amounts of sequence data in the most
efficient way for DNA-based species identification.
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