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Animal metabarcoding: Methods and Applications

Daniel Marquina Hernandez

Background
‘Environmental DNA’ (eDNA) refers to DNA that can be extracted from samples
without any kind of sorting or isolation of the organisms present in the sample
(Taberlet et al. 2012). Although the term eDNA sensu stricto is limited to the free
genetic material found in environmental samples (water, soil, faeces), sometimes
eDNA is also used to refer to the DNA extracted from a homogenized sample of
organisms from a general collecting method (pitfall traps, malaise traps, plankton net,
etc), the extracellular DNA present in the preservative ethanol of such a sample, or
even the DNA of prey present in a spider's cobweb (Hajibabaei et al. 2012, Gibson et
al. 2015, Xu et al. 2015). The definition is not clear, and, depending on the scope, diet
analysis can be considered within the field of eDNA if the purpose is not to assess
what an organism is eating, but to know the species present in a certain habitat
through their micropredators (Schnell et al. 2012). This reflects nothing but the
advance in developing techniques of, non-invasive, non-destructive eDNA sampling.
It was microbiologists who first started using eDNA, in the early 2000s. The
appearance of massive parallel sequencing techniques (MPS) — also called Next
Generation Sequencing (NGS) or High Throughput Sequencing (HTS) — made it
possible to analyze the genetics of uncultivable microorganisms. What was afterwards
called ‘metagenomics’ originally consisted in sequencing the whole genomes of the
bacteria present in soil and water samples (Liles et al. 2003, Venter et al. 2004,

Tringe et al. 2005), but the potential of this technique was later applied to other fields,



such as medicine and bacterially mediated processes of human interest (Qin et al.
2010, Liicker et al. 2010).

Although there are some examples of real metagenomic studies focused on
eukaryotic organisms (i.e. sequencing of the whole mitochondrial genomes of a
pooled sample of extracted DNA from different species; this will be discussed later),
the vast majority of such studies are based on ‘DNA barcoding’. DNA barcoding
consists of identification of species through sequencing of a single genetic marker,
and comparison of that sequence with a reference library (Hebert et al. 2003). This
means that each species would be represented by a unique DNA sequence or ‘DNA
barcode’, shared between all specimens of the species (under a similarity threshold
that can vary depending on the taxonomic group).

There are two main approaches to barcoding of environmental DNA: species-
specific and multispecific or multitaxa (Valentini et al. 2015, Furlan et al. 2015). The
first aims to detect a single species in the sample, typically using PCR amplification
with species-specific primers, while the latter aims to detect either every organism
present in the sample (Drummond et al. 2015, Brannock & Halanych 2015) or, more
commonly, to detect the presence of every species of a certain taxonomic group
(Dell’Anno et al. 2015, Valentini et al. 2015, Port et al. 2015, Hajibabaei et al. 2011).
The multitaxa barcoding of eDNA samples is known as ‘metabarcoding’, a quite

recent term (Pompanon et al. 2011, Riaz et al. 2011, Taberlet et al. 2012).

Barcoding theory and criticism
Hebert et al. (2003), analyzing a large set of animal taxa, showed that 98 % of

congeneric species pairs (two species of the same genus) exhibit more than 2 %



sequence divergence' (average of 11.3 %) in the 658 bp long fragment at the 5 end of
the cytochrome oxidase subunit I (hereafter mentioned as COI) tipically amplified by
primers designed by Folmer ef al. (1994), and that individuals of the same species
showed a sequence divergence that rarely exceeds 2 %. Thus, their results indicated
that the distance between sequences of different species is much higher than the
distance between sequences belonging to individuals of the same species (Fig. 1). On
average, the genetic distance between species appears to be an order of magnitude (10
times) higher than the distance within species (Hebert et al. 2004, Barret & Hebert
2005). Plotting the frequency of the genetic distances between individuals of the same
or different species, one would expect to observe a region with very low frequencies
between the intraspecific and interspecific comparisons, a phenomenon that has been
called the ‘barcoding gap’ (Meyer & Paulay 2005) (Fig. 1). With DNA barcoding,
then, two individuals can be considered to belong to the same species, or set apart in
two different species, depending on whether the genetic distance between them falls
into the intraspecific or interspecific region of distance values.

Some authors, however, doubt the adequacy of the use of the barcoding gap as
an infallible method for species delimitation, and even consider its existence as an
artifact of deficient taxon sampling within the genus. This is the case of Wiemers &
Fiedler (2007), who found that there was an upper limit to the intraspecific genetic
divergence in butterflies of the family Lycaenidae, but not a lower limit in the
congeneric distances, existing an overlap between the two in some genera. Nowadays,
DNA barcoding has been widely accepted although some corrections or
considerations have been added to the initial method. Bergsten ez al. (2012) found that

the barcoding gap was narrower or even inexistent between species far a part from

Measured as genetic distance: mismatching positions x 100/total positions.



each other than for geographically close heterospecifics; Meier et al. (2008)
recommend the use the minimum interspecific and the maximum intraspecific
divergences as the thresholds for establishing the limits of the barcoding gap, rather
than their average, since with a more comprehensive taxon sample both measures
would be re separate than they are in reality. S it has been said before, considering
these and other taxon-specific considerations, DNA barcoding is today a useful and

trusted tool in molecular systematics.
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Fig. 1 Histogram of intraspecific and interspecific (congeneric) genetic divergence across 203
arachnid species. Divergences were calculated using Kimuras’s two parameter (K2P) model.
From Barret & Hebert (2005).

Field and laboratory protocols

As mentioned before, there are two main sources of eDNA, which are on the one hand
actual tissue of the individuals present in the sample, and on the other hand medium in
which the organisms were recently present and left traces of their DNA. These media

are usually water, either freshwater or marine, and soil.



DNA from tissues. Examples of the first case can be found in many of the
studies of the team of Mehrdad Hajibabaei at the University of Guelph (Canada).
Insect samples are typically collected using a Malaise trap, a light trap or a net
dragged through an aquatic (freshwater) transect. The sample is then mechanically
homogenized, incubated with proteinase, and DNA is extracted using a commercial
kit (Hajibabaei et al. 2011, Gibson et al. 2015). Sometimes, a pre-sorting of the
sample is conducted in order to record the taxonomic composition, and only then
homogenized (Shokralla et al. 2014, 2015, Gibson et al. 2014). In some of these
examples, the sample is actually an artificial pool created by extracting small pieces
of tissue (e.g. a leg) from each individual specimen and then pooling them before the
extraction procedure. A different kind of pre-processing is exemplified by the study of
Dell’Anno et al. (2015), which assessed the biodiversity of benthic nematodes from
deep-sea samples by metabarcoding. The sample-processing consisted in freezing the
sediment sample, sieving it through different sizes mesh net and separating the
nematodes from all other meiofaunal organisms. Then, all nematodes from each
sample were pooled together and total DNA was extracted in a similar procedure as in
case of the above-mentioned insects.

A variant of the tissue-extracted eDNA involves genetic analysis of the
intestinal content of organisms, or iDNA. Of course, the iDNA is affected by a certain
degree of degradation by natural processes occurring the digestive tract, which
challenges the laboratory protocol. However, the results can be quite valuable, both
for biodiversity assessment, but especially for studying food webs (see special issue
of Molecular Ecology; Symondson & Harwood 2014). Studies using this approach
have been carried out with intestinal content from seals (Thomas et al. 2014, 2015),

shrews and lizards (Brown ef al. 2014), sea birds (Alonso et al. 2014), spiders (Welch



et al. 2014), and other invertebrates. Blood feeders are also a great source of iDNA.
The iDNA can be used to study the specific prey of the blood feeders, but the blood
feeders can also be used merely as ‘sample collectors’ to study biodiversity more
broadly. Examples of the first case are found in mosquitoes (Townzen ef al. 2008) or
ticks (Gariepy et al. 2012), while leeches and hematophagous flies have been used to
assess mammal biodiversity in a certain habitat in Vietnam and Cote d'Ivoire and
Madagascar, respectively (Schnell et al. 2012, Calvignac-Spencer et al. 2013). Diet
studies have also been carried out obtaining the DNA from the faeces of predators,
bats being the most studied subjects (Clare et al. 2014, Emrich ef al. 2014, Kriiger et
al. 2014). Excrements are also a source of DNA for other types of studies (e.g.
population genetics of elusive mammals (Zhu et al. 2011)).

Shokralla et al. (2010) developed a method for extracting and amplifying
DNA present in the ethanol that acts as a preservative in sample storage in order to
keep the specimens intact for morphological examination. The method consisted of
letting the ethanol evaporate at 56°C and resuspend the DNA in molecular biology
grade water. By doing this, they were able to amplify a short fragment of 130 bp of
COI as well as the standard 658 bp barcoding region. Furthermore, they successfully
applied the method to caterpillars found in small bottles of mescal (Mexican high-
grading alcoholic beverage) (Fig. 2). Ethanol-DNA has been proven to be a good tool

for metabarcoding analyses (Hajibabaei et al. 2012).



Fig. 2 DNA leaking from specimens in preservative liquids can be directly used for PCR and
sequencing. (Left) Gels showing the 130 base-long amplicon from the cytochrome c oxidase 1
(CO1) gene from DNA extracted from caterpillar tissue specimen (T), compared with the same
amplicon obtained directly from mescal liquid (L). M, molecular size marker. (Right)
Corresponding sequencing electropherogram of the PCR amplicon shown at left.

From Shokralla et al. (2010).

DNA from water and soil. With regard to the second case, free DNA
obtained directly from the environment, the most common is DNA present in water —
either freshwater or seawater. Water is collected in large amounts (2-3 liters per
sample) and taken to the laboratory. Valentini ef al. (2016) tested a new methodology
that involves filtering up to 100 L of water at the sampling site, but it is an exception
in this type of studies. After collecting, the transport and handling to and in the
laboratory must be carried with extreme caution to avoid DNA contamination. Since
there is no physical proof in the sample of the species present at the sampling site, it is
extremely difficult to control for post-sampling contamination that can distort and
invalidate the results. Thus, the laboratory conditions are very strict and similar to
those applied to handle ancient DNA (positive air pressure, UV treatment, full-body
suits, etc.). Once in the laboratory, water samples are filtrated through standard, or
specific commercial filter papers, in which the DNA is retained and afterwards
extracted using a commercial kit (Furlan ef al. 2015, Port ef al. 2015). DNA can also

be extracted from the water sample without filtering, using a density-based



centrifugation protocol, in which the DNA fraction can be obtained for further
processing (Tréguier et al. 2014, Valentini et al. 2016).

Analysis of eDNA from water samples has been applied to the detection and
monitoring of several animals such as crayfish, marine mammals, amphibians, fishes,
and other vertebrates, in fresh and seawater, either species-specific or whole group
detection (Tréguier et al. 2014, Foote et al. 2012, Biggs et al. 2015, Valentini et al.
2016, Furlan et al. 2015, Port et al. 2015).

Turner et al. (2015) studied eDNA from a hybrid of two introduced species of
bigheaded Asian carp, Hypophthalmichthys spp.. They showed that the eDNA
concentration of these species was up to 1800 higher in the river/pond sediments than
in the water, and that the eDNA lasted without degradation (at least not enough to
avoid amplification and identification) five times longer in the sediment than in the
water. This can be explained by the sinking of the fish’s faeces and other DNA-

bearing particles that don’t stay suspended in the water for long (Turner ef al. 2014)

(Fig. 3).
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Finally, soil eDNA can be considered both tissue-based and medium-based
eDNA: macrofauna leaves traces of DNA like fish would do in the water, while
smaller animals can be caught whole in the extraction process. Soil eDNA has been
used as an indicator of vertebrate biodiversity in zoological parks, to assess the
Pleistocene Siberian fauna from permafrost samples, and the biodiversity of animals
and other groups in Hauturu-O-Toi, a small island in New Zealand (Andersen et al.

2011, Epp et al. 2012, Drummond et al. 2015).

Sequencing and analyzing protocols

With the DNA extracted, it is time for sequencing and analyzing the data. There are
two main approaches in this step, although one of them is much more widely adopted
and the other needs further development. These approaches are amplicon-based and

PCR-free, respectively.

PCR-free approach. PCR-free approach implies that there is no step
consisting in amplifying the target DNA sequence prior to sequencing. Although at
first looks counterproductive (the larger the amount of DNA, the easier is to sequence
it), it appears as a solution to avoid certain flaws that go along with PCR-based or
amplicon-based approaches (see below). The PCR-free approach is yet very poorly
explored, and to date, only two methodologies have been proposed, and these have
not been tested with totally satisfactory results. The first of them consists in shotgun
sequencing of the mitochondrial genome of the whole mixed sample, and extracting
the COI gene bioinformaticaly (Zhou et al. 2013). It presents a mayor flaw: it is (so
far) impossible to obtain by shotgun sequencing the mitochondrial genome without

sequencing the whole nuclear genome (that outnumbers the mitochondrial genome in



2000:1 bp). Thus, it generates a great amount of genetic information from the nucleus
and other mitochondrial markers that is not essential for species identification. To
overcome this problem, work has been done to optimize a step previous to the
sequencing of mitochondrial enrichment. Using target-capture probes designed for
several regions of the mitochondria, Liu et al. (2015) were able to increase 100 fold
the proportion of mitochondrial versus nuclear DNA, and shotgun sequence almost
the whole mitochondrial genome of 49 samples. Also using target capture, but with
COl-specific probes, Shokralla et al. (2016, preprint) obtained COI sequences
belonging to different insect orders from bulk samples (the previous attempts were
made using mock communities samples), whit an effectiveness similar to
metabarcoding process.

The big advantage of the PCR-free approach is that it avoids the PCR bias in
detection of species associated with the amplicon approach (see below). However,

right now its low cost-effectiveness makes it unattractive for researchers.

Amplicon-based approach. In an amplicon-based pipeline, there is a PCR
step similar to the one used in the traditional Sanger-sequencing of individual
specimens, typically employed in the generation of DNA barcode reference libraries,
but instead of being sequenced one by one, all amplicons are sequenced at once in
HTS platforms At least, that is the idea, but the choice of adequate markers and
primers is much more difficult in multitaxa barcoding than in single, Sanger
sequencing, DNA barcoding.

The ideal marker for metabarcoding should fulfill several requirements that, in
most cases, present a trade-off between each other. These markers should have a high

mutation rate, so they are variable enough to provide taxonomic resolution (i.e. to be
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similar between individuals from the same species, but clearly different between
individuals from closely related species), but be preceded and followed by conserved
regions to which PCR primers can be attached. These regions should ideally be
conserved only within the target group, so that no other groups are amplified. Finally,
the ideal marker should display such features in a short sequence length of at most
500-600 bp. A short marker sequence is important for the recovery of information in
case of DNA degradation, which is common in eDNA samples (Clarke et al. 2014,
Yu et al. 2012). Short markers are also easier to sequence using MPS techniques. As
an additional requirement, it is an advantage if the marker is already widely studied,
so that publicly accessible reference databases allowing species identification are
available. On the other hand, MPS techniques simplify the production of new
reference libraries de novo given access to suitable DNA archives of the target biome.
Since the origins of DNA barcoding (single-specimen), the most used marker for
metazoans has been a 658 bp long sequence at the 5’ end of the cytochrome oxidase
subunit I (COI), traditionally amplified with the primers designed by Folmer et al.
(1994). For plants, fragments of the large subunit of ribulose 1,5-bisphosphate
carboxylase gene (rbcL) and the maturase K gene (matK) are established as barcoding
markers (Newmaster et al. 2006, Chase et al. 2007), while in fungi the internal
transcribed spacer of the nuclear ribosome (ITS) is used (Schoch et al. 2012). For
bacteria the 16S rRNA of the small ribosomal subunit (16S) (Andersson et al. 2008)
and for unicellular eukaryotes the small nuclear ribosomal subunit (SSU-18S) are
used as molecular barcodes (Pawlowski et al. 2012).

Multitaxa PCR requires the use of ‘universal’ primers, either universal for all
metazoans or for the specific target group in the sample. Hajibabaei et al. (2006) and

Meusnier et al. (2008) proved that much shorter fragments within the barcoding
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region, from 135 bp, are able to provide equal capacity of discrimination. These
fragments, of variable length and position depending on the taxonomic group, are
known as mini-barcodes (Meusnier et al. 2008). Brandon-Mong et al. (2015)
reviewed 6 universal primer pairs from 6 different studies, amplifying sequences
within the barcoding region ranging from 130 to 550 bp. Once the primers are chosen,
and the PCR reaction conducted, sequencing is a very straightforward step. In the
beginning, metabarcoding studies used 454 pyrosequencing (Shokralla et al. 2012, Yu
et al. 2012, Hajibabaei et al. 2012), and also more recent ones (Shokralla et al. 2014),
but pyrosequencing quickly gave way to the use of Illumina platforms, either HiSeq

or MiSeq sequencers (www.illumina.com). The Illumina techniques produce shorter

reads, but they are much less expensive per base pair than those resulting from

pyrosequencing.

Bioinformatics processing of MPS amplicon data

[llumina platforms generate huge amounts of reads. An example is the study of
Gibson et al. (2015), producing more than 11.64 million reads of 250 bp. Primer
sequences have to be removed (‘trimmed’ is the specific term) and then the reads
should be merged to create paired-end reads of approximately 500 bp, that will
constitute the barcode, and quality filtered to remove sequencing artifacts. This way,
they obtain 4.37 million reads. Such reads are the PCR product, which was
exponentially amplified from the original sample. This means that sequences from the
same individual are represented many times in those 4.37 million sequences, and this
redundant information must be eliminated. This step is known as ‘de-replication’, and
consists of merging sequences above a high similarity threshold, usually set at 99-100

% similarity. In some cases, singletons (sequences retrieved in only one or two
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replicas) are also removed, as they are likely to represent contaminants. Although
most sequencing artifacts are eliminated in the quality filtering, a specific step is often
introduced to get rid of chimeras (artifacts product of the pairing of two sequences
that actually don’t belong together, due to a fortuitous similarity between some
regions of the mentioned sequences) that may have formed during sequencing since
they may escape the quality filtering. Finally, the remaining sequences are clustered
under a variable threshold of similarity that is decided by researchers, usually 97-98
%, and each cluster is considered as a separate MOTU (Molecular Operational
Taxonomic Unit, barcoding’s particular concept of ‘species’). If the aim of the study
is to assess name the species present in the sample, the MOTUs have to be compared
with a reference database of sequences of the same marker from reliably identified
specimens, e.g. using GenBank or BOLD. If the aim is only to generate biodiversity
metrics, species identities may not be strictly necessary.

The above protocol only results in a qualitative analysis of the taxonomic
composition of the sample. Often, it is also of interest to study the quantitative
composition. If so, one goes back to the original reads, computing the proportion of

the reads that match each of the MOTUSs.

Sequencing (raw data)

Merging (paried-end sequences)

» Filtering (eliminate artifacts)

De-replication (99-100 % similarity)

Chimera deletion

MOTUs clustering (97-98 % similarity): SPECIES LIST

Fig. 4 Simplified bioinformatics pipeline for analyzing metabarcoding data.
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There are several softwares available on the web to perform these steps, and
separate programs can be used for each step. However, some software packages have
been released that contain programs to perform the whole process. One of them is the
USEARCH package (Edgar 2010) that includes the programs UPARSE (Edgar 2013)
to de-replicate reads, UCHIME (Edgar et al. 2011) to eliminate chimeras and
UCLUST (Edgar 2010) for MOTU clustering with variable similarity thresholds.
More recently, Boyer et al. (2015) developed a package that contains all the necessary
programs for analyzing NGS data in a metabarcoding context (de-replication,
trimming of primers, chimera deletion, MOTU clustering and identification). The
package, called OBITools (http://metabarcoding.org/obitools), can be freely
downloaded with a practical tutorial available and it is linked to the ecoPrimers and

ecoPCR softwares (Riaz ef al. 2011).

Problems with amplicon-based approaches

To understand the flaws that accompanies amplicon-based approaches, it is important
to define some concepts, that might have appeared before in the text, but that will be
better defined here, related to barcoding, barcodes and primers.

The first of these concepts is specificity; specificity refers to the degree of
complementarity between a primer sequence and its target sequence. The more the
base pair matches between both sequences, the higher the specificity of the primer.
This implies that primers can exist that don’t match exactly the target sequence, and
they are still able to produce amplification in a PCR reaction, although this capacity
diminishes with the increase in the number of mismatches until a to in which there is
no amplification success. Two target sequences can be amplified then by the same

primer pair, even if one has the highest specificity (all base pairs matches between
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primer and template) and the second has lower specificity. The problem appears when
these two target sequences are in the same sample, since the template with higher
specificity will bind with more affinity to the primer and have an easier and more
abundant amplification than the other. Given that PCR reaction amplifies the template
sequences exponentially (2", where n is the number of cycles), a deviation in the
amplification success can increase the proportion of the best-binding templates and
decrease the proportion of the worst-binding ones, so that in extreme cases the result
will be no recovery of the latter. That is called amplification bias. Degeneracy is one
of the most used solutions to overcome the problem of mismatches in primer binding.
The idea is to allow different nucleotides in certain position(s) of the primer, where
the mismatch is expected, so that each of the unique template sequences will have an
exact (or close) match to at least one of the primers in the primer mixture.

Given that a degenerate primer is needed, the optimal situation would be
simple degeneracy (only two possible nucleotides) in just one primer position.
Unfortunately, that is not always sufficient for complete or near-complete coverage of
a broad taxonomic group. In many occasions, more than one degenerate position is
needed, and with more than two possible nucleotides at one or more of the degenerate
sites. Valentini et al. (2015) designed a pair of primers for the subclass Teleostei
(bony fishes) without any degeneracy, and for the superorder Batrachia (amphibians
excluding Gymnophiona) with just one position with simple degeneracy. In constrast,
primers designed by Geller et al. (2013) and Leray et al. (2013) for a much broader
taxonomic group — all marine Metazoa — had up to one third of the primer positions
degenerated. Also, with degenerate primers, amplification bias may result from
different primer-template pairs showing different binding affinity depending on

chemical factors, such as their GC content.
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As mentioned above, it has been considered that the whole barcoding region
of COI, and even smaller sequences down to 130-160 bp, is the best marker for
barcoding, since it shows enough variation to discriminate between closely related
species and there is plenty of reference data to compare with. However, there is
another requirement that is in direct trade-off with sequence high variability: the
presence of conserved regions to which the primers can be attached.

COlI is a protein-coding gene, which means that the nucleotide sequence is
translated to a protein that has 3D structure, location (embedded in the
mitochondrion’s inner membrane), and function: to oxidate the cytochrome ¢ protein
and generate a redox imbalance that can be used as energy to produce an ATP
molecule. The structural and functional constraints result in an aminoacid sequence
that is strongly conserved in certain regions, while other domains are susceptible to
vary. Considering this, COI appears to fill both requirements. However, even if the
amino acid sequence is strongly conserved, the corresponding DNA sequence can
vary because of the redundancy of the genetic code: the third position in the codon is
typically irrelevant for the produced amino acid, resulting in the third position being
less constrained by selection (Deagle et al. 2014) and therefore more variable than the
first and second codon positions. This makes it more difficult to obtain a universal
primer that exactly matches sequences out of a particular target group. Taking this
into account, different research teams have designed primers with the material they
had available. This has on one hand lead to the existence of several barcode and mini-
barcode ‘universal’ primers (Brandon-Mong et al. 2015), and more than 400 primer

pairs for different animal groups (CBOL database, www.boldsystems.org), allowing

one to potentially target a particular group of interest. On the other hand, but due to

the same phenomenon (higher rates of change in third positions of each codon), a
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primer designed for a certain taxonomic group could amplify non-targeted templates
in the sample, since the saturation in change may produce homoplasy in the sequence,
and thus, perfect match with a primer intended for a different group.

This bias in ‘universal’ primers has been documented by several studies:
Hajibabaei et al. (2011) reported biases with Lep-F1/Lep-R1 (Hebert et al. 2004)
(also Brandon-Mong et al. 2015), Yu et al. (2012) showed that Folmer primers
(Folmer et al. 1994) fail to amplify many species of Hymenoptera (wasps, bees and
ants), and Clarke et al. (2014) showed that several primer pairs present amplification
bias resulting in overrepresentation of Diptera (flies and mosquitoes) and Lepidoptera
(moths and butterflies) sequences. Increasing sequencing depth would not solve this
problem, and could possibly generate chimeric reads (Deagle et al. 2014).

Finally, there is a last solution, which still needs further testing. It is known as
multiplex PCR, and consists in a PCR reaction with several different primer pairs that
amplify the same region of the marker, but they are specific of small taxonomic
groups within the sample. Tested by Gibson et al. (2014), they were able to recover
91 % of the species present in an artificial bulk sample of known composition using
11 primer pairs. However, this methodology has to be improved with regard to cost-
effectiveness.

In the field and laboratory protocols section, it was mentioned that eDNA
samples need to be handled with special care to avoid contamination. This is
particularly important when a single invasive or endangered species is targeted, or a
matrix of presence/absence is constructed. Sources of false positives are, not only
contamination in the field or the laboratory, but also PCR or sequencing errors
(Ficetola et al. 2014). A recurrent strategy to deal with this problem is to use ad hoc

solutions, such as ignoring those species that only appear in one or two samples,
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considering them contaminations or PCR/sequencing artifacts. Comparison with
traditional, unambiguous methods can help spotting those false positives, but the
drawback of this approach is that such methods are not always feasible to conduct in
the sampling site, or that eDNA is being used to avoid the slow and expensive
traditional methods. Again, increasing sequencing depth would not solve this
problem, as it can amplify the error by generating more sequences assigned to absent
species, or create chimeras during sequencing (Ficetola et al. 2016). Statistical
methods are being improved to solve the false positive and false negative obstacles,
considering literature and past sampling results in modeling (Lahoz-Monfort et al.

2016).

Alternative markers for amplicon-based sequencing

Summarizing, one could argue that amplicon-based metabarcoding using COI is not
the perfect tool for biodiversity assessment of macrofauna and macroflora using
eDNA, but it is the best method we have. Nevertheless, a trend exists to question this
statement, based on the above-mentioned facts.

Some metabarcoding studies have been carried out already using alternative
markers. It is common, when working with a very broad taxonomic scope (up to
phyla) to use a very conserved but easily amplified marker, such as the small nuclear
ribosomal subunit (18S). Several examples can be found, mostly in soil/sediment
biodiversity assessment (Drummond et al. 2015, soil; Brannock & Halanych 2015 and
Dell’Anno et al. 2015, meiofauna). However, in a meiofaunal study, Tang et al.
(2012) warned that 18S metabarcoding underestimates real biodiversity compared to
traditional morphospecies determination and COI metabarcoding. For vertebrates,

especially fishes, the most used alternative marker is the mitochondrial small
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ribosomal subunit (12S), e.g. Valentini et al. (2016), Port et al. (2015) or Furlan et al.
(2015). These studies are mainly focused on freshwater or marine fishes and
amphibians, with very satisfactory results. Thomas et al. (2014, 2015) also focus on
fishes, but in this case testing the capability of the mitochondrial large ribosomal
subunit (16S) in the estimation of the fish biomass consumed by seals and cormorants.
Performance of 16S has been tested in insect metabarcoding studies as well, showing
very interesting results. Clarke et al. (2014) showed that 16S minibarcodes of less
than 200 bp identified just little percentage less than minibarcodes of COI of a set of
315 species (constituting 264 genera and 23 orders) of insects, in an in silico
simulation of a PCR reaction, while the taxonomic coverage (no. of species
successfully amplified) was 75-90 % with 16S versus 50 % with COIL. With
minibarcodes longer than 175 bp, taxonomic resolution of COI was almost 100 %,
while it decreased to 85 % with 16S®. Remarkably, taxonomic coverage and
taxonomic resolution was consistent through the 23 orders when using 16S, while the
best COI metabarcoding showed a coverage of more than 50 % within Diptera and
Lepidoptera, but between 0-47 % within other insect orders. Similar results were
obtained by Elbrecht ef al. (2016): 16S amplified more species and more equally
through orders, thus enhancing biomass estimation. They state that if the goal is to
identify the species present in the sample, COI is still the best choice due to a better
representation in public reference databases, but when the aim is to assess the
biodiversity in numbers —rather than in identities-, 16S would be a better choice.
Additionally, 16S metabarcoding has the advantage of amplicons not being mistaken
with nuclear pseudogenes or Wolbachia reads, as can be the case with COI (Clarke et

al. 2014).

2 Considering the total as the sequences successfully amplified in the previous step. Thus, the 100 % of COI and
85 % are transformed into 50 % (50 % species amplified x 100 % species identified) and 66-77 % (75-90 %
species amplified x 85 % species identified) respectively, of the total number of species present in the study.
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Consistently with this statement, Deagle et al. (2014) suggest that the best
strategy to follow in the future would be to build local databases of several markers,
and conduct metabarcoding studies with these different markers simultaneously rather

than focusing on a single universal marker (COI).

Conclusion

Metabarcoding is a very powerful tool for biodiversity analysis and assessing faunal
composition. It is one of the fastest growing fields in science and methods
development is increasing in quality and resources. However, we have only witnessed
the dawn of metabarcoding, and there is yet much more work, testing and exploration

left until we can call it an established field.
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