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DNA metabarcoding enables efficient characterization of species composition in
environmental DNA or bulk biodiversity samples, and this approach is making
significant and unique contributions in the field of ecology. In metabarcoding
of animals, the cytochrome c oxidase subunit I (COI) gene is frequently used as
the marker of choice because no other genetic region can be found in taxonomi-
cally verified databases with sequences covering so many taxa. However, the
accuracy of metabarcoding datasets is dependent on recovery of the targeted
taxa using conserved amplification primers. We argue that COI does not contain
suitably conserved regions for most amplicon-based metabarcoding applications.
Marker selection deserves increased scrutiny and available marker choices should
be broadened in order to maximize potential in this exciting field of research.

1. Introduction

Availability of affordable high-throughput DNA sequencing (HTS) has opened a
new world of possibilities in DNA-based surveys of biodiversity. This approach is
most advanced in the field of microbiology, where molecular taxonomy has a long
tradition, and analyses now regularly use HTS to characterize markers for estimates
of taxonomic as well as functional diversity. Amplified ‘barcode’ genes are also
increasingly being used to identify plants, invertebrates and vertebrates present in
DNA mixtures—obtained either by extracting total DNA from pooled specimens
or from environmental samples (e.g. soil, water and faeces). This characterization
of DNA barcodes from mixtures of DNA has been termed ‘metabarcoding’ [1,2].

Beyond the requirement for inexpensive and reliable sequence data, meta-
barcoding also needs a suitable marker. For standard DNA barcoding of
single animal specimens, the Consortium for the Barcode of Life (CBOL) has
adopted the mitochondrial cytochrome ¢ oxidase subunit I (COI) gene. This
marker has the required attributes: its variation usually allows species-level dis-
crimination, it can be PCR amplified from most animals and the associated
database now boasts millions of taxonomically verified DNA sequences. It
seems like the obvious choice of marker in the nascent field of animal metabar-
coding, and it has been used in many recent studies, including applications in
biodiversity surveys, environmental monitoring and dietary studies (example
studies provided in the electronic supplementary material).

2. So what is wrong with cytochrome ¢ oxidase subunit | as a
metabarcoding marker?

While COI can be amplified from an enormous range of species, it has always been
acknowledged that primer binding sites within this protein-coding gene are not
highly conserved. Mutations at many nucleotide positions do not change the
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Figure 1. Variability of potential metabarcoding markers in representative insects (40 species from 25 different orders): (a) mtDNA COI (5 region), (b) mtDNA 165
(5 region), (c) mtDNA 12S and (d) nuclear 185 (5’ region). Data were extracted from full mtDNA datasets and comparable nuclear 185 rRNA gene sequences.
Entropy represents a measure of variability at a given position and shading in highlighted primer sites shows the four nucleotides. The COI primers have been
applied in over a dozen metabarcoding studies; see the electronic supplementary material for details. (Online version in colour.)

coded protein (usually the last base of the triplet code) and are
less constrained by selection. Accordingly, a large number of pri-
mers have been designed for amplification of COI from various
animal groups (currently more than 400 COI primers in the
CBOL primer database). “Universal’ primers amplifying the
COI barcode region have also been described, but i silico analy-
sis shows they are poorly conserved ([3]; figure 1). Empirical
studies indicate that this primer variability results in unreliable
amplification when samples include species covering a broad
taxonomic range (e.g. 44% success in more than 2000 initial
amplifications; Moorea Biocode Project [4]). In standard DNA
barcoding, it is possible to optimize protocols to get data from
specimens that initially fail to amplify. However, when metabar-
coding a DNA mixture, failed amplification of particular taxa is
masked by the recovery of amplicons from other taxa present in
the sample. This makes protocol optimization difficult. Further-
more, the recovery of some expected sequences gives false
confidence in the resultant dataset.

Many microbial ecology studies have shown that
although mismatched primers are able to amplify DNA
from diverse bacterial genomes, targets without perfect hom-
ology amplify at lower and often unpredictable efficiency [5].
In some cases, even a single base mismatch can produce a
1000-fold underestimate of abundance [6], making some
bacteria ‘nearly undetectable” in HTS analysis of mock com-
munities [7].
variants can increase amplification success rates in standard
DNA barcoding [4], but based on recent evaluations these
are not a panacea for COI metabarcoding [2,8]. This is

The use of cocktails with several primer

likely due to the fact that labile sites in COI primer binding
regions diverge quickly (figure 2). Therefore, the number of
primers required to account for variability, even between
relatively closely related taxa, quickly becomes untenable.
Furthermore, not all of these primer sequences will be effec-
tive at amplifying DNA (further discussion in the electronic
supplementary material). A separate issue for COI metabar-
code primer design is that variation at less constrained sites
becomes saturated between distantly related taxa as a result
of homoplasy (figure 2). This plateau in sequence divergence
hinders development of group-specific primers (e.g. targeting
all insects but excluding other terrestrial arthropods).

Notwithstanding these limitations, several COI primer sets
have been developed specifically for metabarcoding. For
example, a number of COI “mini-barcoding’ primers for ampli-
fying short fragments recoverable from degraded template
have been published even though primer sites vary among
target species and alternative markers seem more suitable
(figure 1). Metabarcoding primer cocktails have also been
designed to amplify the full COI barcoding region in marine
invertebrates, despite fewer than 50% of nucleotides at binding
sites being conserved in the targeted taxa [4].

3. Is it best to accept biases and stick with

standard barcode markers for metabarcoding?

It could be argued that biases introduced by differential COI
primer binding are manageable if they are consistent across
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Figure 2. Variability in primer binding regions in two mtDNA markers (COI and 16S) at different taxonomic levels. Binding sites compared include those for primers
commonly used to amplify a full-length COI barcode marker, those for an internal COI metabarcoding primer and analogous mtDNA 16S primers. Mismatches below
class level are for comparisons between sequences of representative ray-finned fishes (class Actinopterygii); for between-class comparisons representative Vertebrata
were considered (n = 155 sequences; see the electronic supplementary material for details).

samples being compared and sequencing is carried out at suf-
ficient depth. Furthermore, this could be considered a small
concession given that COI allows access to a large number
of barcode sequences linked to taxonomically verified
specimens. However, we feel that even the best COI meta-
barcoding studies highlight this marker’s limitations and
indicate that alternatives should be seriously considered. For
example, Yu et al’s [2] work on bulk sequencing of COI
from arthropod samples for biodiversity analysis documented
dropout rates of between 24% (more than 2 read threshold)
and 36% (more than 5 read threshold) compared with
known inputs even when using fully degenerate primers.
While the resultant data produce estimates of a- and B-diver-
sity useful for conservation-relevant decisions [9], acceptance
of this level of bias will surely limit future applications. Vari-
ation in occurrence of taxa prone to dropout between groups
of samples can potentially skew the relative importance of
all taxa, making it difficult to assess biologically relevant
differences between groups.

When preliminary methodological evaluations are not
comprehensive and limitations of the dataset are not taken
into account, data interpretation is fraught with difficulties.
In a recent study evaluating insect metabarcoding markers
[8], a set of widely used “generic arthropod” COI metabarcod-
ing primers only managed to recover between 43 and 64% of
species in a known mixture of arthropod DNA. Retrospective
evaluation of ecological studies reliant on data produced from
these primers is difficult; however, in some cases primer
preferences rather than biology may be driving conclusions.

Increasing sequencing depth to allow detection of poorly
amplified markers is unlikely to be a robust solution, because
there will be a concomitant increase in the number of
sequences originating from minor contamination and chimeric
molecules [7,10]. Methods used to filter out these low-level
background errors and identify legitimate rare sequences are
imperfect. Furthermore, incorporation of low-level errors

into metabarcoding datasets can have a disproportionate
influence because summaries are typically incidence-based
(i.e. presence/absence) and do not include information on
sequence abundance.

Despite the large COI reference database being a strong
selling point for this marker, many COI metabarcoding studies
link recovered sequences to operational taxonomic units
(OTU) rather than providing high-resolution taxonomic infor-
mation [9]. This partly reflects adoption of bioinformatic
approaches from microbial ecologists, but it also reflects the
lack of coverage within the global COI database. The large col-
lection of COI reference sequences may help improve broad
taxonomic assignments (i.e. to family or genus), but in many
studies locally developed databases will be required if the
intention is to move away from OTU indicators and get back
to biology [11]. This opens the possibility of sequencing non-
standard barcode markers better suited to metabarcoding
when deemed appropriate. Flexibility in which marker is
used for metabarcoding is a necessity for some animal
groups, such as nematodes, where it is recognized that COI
is unsuitable due to sequence diversity. There are also similar
issues for ‘official” plant barcodes, resulting in many plant
metabarcoding studies choosing ‘unofficial” markers.

4. What is the way forward?

The accuracy of metabarcoding is highly dependent on
marker choice, but there is unfortunately no perfect metabar-
coding marker. Instead, the best marker choice is going to be
study-specific. For designing highly conserved primers, the
mosaic pattern of variation seen in ribosomal RNA (rRNA)
genes is often very useful (figure 1). These genes have already
been adopted by many in the animal metabarcoding commu-
nity and are standard markers for fungal and bacterial/
archaeal identification. For animals, nuclear rRNA genes
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provide very wide taxonomic coverage but lower taxonomic
resolution, whereas mitochondrial rRNA genes provide taxo-
nomic resolution similar to COI but typically allow the
design of more conserved primers (figure 1). Perceived diffi-
culties in assigning rRNA gene sequences to taxa caused by
the inability to accurately align sequences can largely be over-
come using alignment-free methods [12]. However, length
variation in rRNA coding regions can potentially cause
taxon-specific differences in sequence recovery. It is also
true that easier alignment of protein genes allows for correc-
tion of some sequencing errors [2]. The important point is
that a range of potential primers, and the taxonomic resol-
ution of the resulting amplicons, should be carefully
considered in any metabarcoding application. The primers
can be easily evaluated in silico by using available programs
(e.g. ecoPCR [3]); empirical testing provides further assurance
that primers are suitable for a particular application [2,5,8].
We envisage that metabarcoding will eventually routinely
sequence several barcode markers from each sample [10,13].
Markers aimed at different taxonomic levels can overcome
the trade-off between taxonomic breadth and resolution. Mar-
kers providing comparable taxonomic information can act
as internal controls; these would be especially useful for vali-
dation in cases where primer—template mismatches are a
potential problem. Metabarcoding approaches relying on
bulk sequencing of enriched mtDNA without amplification
have been illustrated in a proof of concept study [14]. This
work may well point to a future where PCR primers are less
relevant; however, methods outlined so far require intact
mtDNA molecules and would not be applicable when
DNA is highly fragmented. Alternative marker-enrichment
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We acknowledge that there are situations where COI
could currently be the preferred option as a metabarcoding
marker (e.g. when taxonomic scope is limited and species-
level identification critical, or when the existing reference
database is essential). Indeed, if future techniques allow
less-biased recovery of COI from DNA mixtures, COI
would be well suited to metabarcoding. Even if alternative
markers are adopted, the DNA barcoding infrastructure
developed by CBOL will be vital for this field. Taxonomically
verified voucher specimens, and associated DNA extracts, are
an invaluable resource that could facilitate high-throughput
characterization of additional markers [15]. The CBOL data-
base with reference sequences linked to voucher specimens
(including ‘unofficial’ barcode sequences), and efforts to
link CBOL’s taxonomic metadata to publicly accessible
sequences in GenBank, are equally beneficial. We are excited
by the prospect of metabarcoding providing a faster and less
expensive method to measure animal biodiversity, but
marker selection needs more scrutiny and available marker
choices need to be broadened for improved reliability.
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