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Abstract

Insect metabarcoding has been mainly based on PCR amplification of short fragments

within the “barcoding region” of the gene cytochrome oxidase I (COI). However,

because of the variability of this gene, it has been difficult to design good universal

PCR primers. Most primers used today are associated with gaps in the taxonomic

coverage or amplification biases that make the results less reliable and impede the

detection of species that are present in the sample. We identify new primers for

insect metabarcoding using computational approaches (ECOPRIMERS and DEGEPRIME)

applied to the most comprehensive reference databases of mitochondrial genomes of

Hexapoda assembled to date. New primers are evaluated in silico against previously

published primers in terms of taxonomic coverage and resolution of the correspond-

ing amplicons. For the latter criterion, we propose a new index, exclusive taxonomic

resolution, which is a more biologically meaningful measure than the standard index

used today. Our results show that the best markers are found in the ribosomal RNA

genes (12S and 16S); they resolve about 90% of the genetically distinct species in

the reference database. Some markers in protein‐coding genes provide similar perfor-

mance but only at much higher levels of primer degeneracy. Combining two of the

best individual markers improves the effective taxonomic resolution with up to 10%.

The resolution is strongly dependent on insect taxon: COI primers detect 40% of

Hymenoptera, while 12S primers detect 12% of Collembola. Our results indicate that

amplicon‐based metabarcoding of insect samples can be improved by choosing other

primers than those commonly used today.
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1 | INTRODUCTION

Species identification based on sequencing of standard genetic mark-

ers—DNA barcoding—is now well established. The so‐called Folmer

region of the cytochrome oxidase I (COI) gene of the mitochondrion

(Folmer, Black, Hoeh, Lutz, & Vrijenhoek, 1994) has been widely

accepted as the standard barcoding marker for Metazoa (Hebert,

Cywinska, Ball, & deWaard, 2003), and we now have extensive ref-

erence libraries for many groups of organisms (CBOL database,

www.boldsystems.org). A range of other markers are also used for

DNA barcoding of animals. For instance, 16S (a mitochondrial riboso-

mal RNA [rRNA] gene) has been used for amphibians (Vences,

Thomas, Meijden, Chiari, & Vieites, 2005); 16S, 12S (another mito-

chondrial rRNA gene) or cytochrome b (CytB; a protein‐coding
mitochondrial gene) for fishes (Cawthorn, Steinman, & Witthuhn,

2012; Sevilla et al., 2007); and more recently, an unexplored region

at the 3′ end of the COI gene for odonates (dragonflies and
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damselflies) (Rach et al., 2017). However, the reference libraries for

these alternative markers are small in comparison with those for

COI.

In recent years, new high‐throughput sequencing (HTS) platforms

have opened up the possibility of analysing the taxonomic composi-

tion of entire environmental samples in a single analysis—
metabarcoding. This has created a lot of excitement in the biodiver-

sity research community. Unfortunately, the Folmer region of COI is

not suitable for HTS platforms because it is too long. Therefore, spe-

cial mini‐barcodes (short fragments, of variable length and position,

within the Folmer region) have been developed for metabarcoding.

Hajibabaei et al. (2006) and Meusnier et al. (2008) showed that mini‐
barcodes from 135 bp up to ~450 bp can provide the same degree

of taxonomic discrimination as the whole 658 bp Folmer region.

Mini‐barcodes have the additional advantage that they more easily

can be amplified when the DNA is damaged or fragmented, which is

common in environmental DNA samples (Taberlet, Coissac,

Hajibabaei, & Riesenberg, 2012; Yu et al., 2012).

Ideally, a marker used for metabarcoding should have highly con-

served sequence stretches that can be used for the design of “univer-
sal” primers amplifying all taxa of interest in the sample and that flank

a highly variable region that can be used for species discrimination.

Unfortunately, being a protein‐coding gene, COI is highly variable in

the third position of most codons due to the redundancy of the

genetic code, making it quite challenging to design primers for

metabarcoding with good taxonomic coverage (Deagle, Jarman, Cois-

sac, Pompanon, & Taberlet, 2014). Inevitably, there will be a varying

number of mismatches between the primers and the templates in the

sample, translating into differential affinity of the primers for different

templates. The primer–template pairs with fewer mismatches will be

amplified more easily in each cycle, potentially resulting in extreme

overrepresentation of these sequences in the final PCR product. These

biases in “universal” COI primers have been documented empirically in

several studies. Hajibabaei, Shokralla, Zhou, Singer, and Baird (2011)

and Brandon‐Mong et al. (2015) reported biases with Lep‐F1/Lep‐R1
primers (Hebert, Stoeckle, Zemlak, & Francis, 2004), Yu et al. (2012)

showed that the Folmer primers (Folmer et al., 1994) fail to amplify

many species of Hymenoptera, and Clarke, Soubrier, Weyrich, and

Cooper (2014) showed that several primer pairs are associated with

amplification bias resulting in overrepresentation of Diptera and Lepi-

doptera sequences. The use of degenerate primers can reduce the bias

to some extent (Clarke et al., 2014; Elbrecht & Leese, 2017). Morinière

et al. (2016) studied the amplification success of four COI primer pairs

with different degrees of degeneracy for different taxonomic groups

taken from a Malaise trap sample. The amplification success was

strongly dependent on degeneracy, varying from 5% for primers with

no degeneracy to 49% for highly degenerate primers.

The amplification bias of COI primers has resulted in several

metabarcoding studies exploring alternative markers. It is common,

when working with a very broad taxonomic scope (up to phylum), to

use a very conserved but easily amplified marker, such as the nuclear

small subunit ribosomal RNA (rRNA) gene (18S) (Pawlowski et al.,

2012). Several examples of 18S metabarcoding can be found, mostly

involving soil/sediment biodiversity assessment (Drummond et al.,

2015, soil; Brannock & Halanych, 2015 and Dell'Anno, Carugati,

Corinaldesi, Riccioni, & Danovaro, 2015, meiofauna) and eukaryotic

microorganisms (Pawlowski et al., 2012). For vertebrates, especially

fishes, the most used alternative marker is the mitochondrial small

subunit rRNA gene (12S) (Furlan, Gleeson, Hardy, & Duncan, 2016;

Port et al., 2015; Valentini et al., 2016). Performance of the mito-

chondrial large subunit rRNA gene (16S) has been tested in insect

metabarcoding with promising results. Using in silico analyses, Clarke

et al. (2014) showed that 16S mini‐barcodes of <200 bp identified

just slightly fewer species than mini‐barcodes of COI of the same

length when applied to a set of 315 species (constituting 264 genera

and 23 orders) of insects, while the taxonomic coverage (no. of spe-

cies successfully amplified) was 75%–90% with 16S vs. only 50%

with COI. However, longer COI mini‐barcodes increased the taxo-

nomic resolution between closely related species to almost 100%,

while the resolution of 16S peaked at 85%. Remarkably, taxonomic

coverage and taxonomic resolution of 16S were consistent through

11 analysed insect orders, while the best COI taxon coverage was

just above 50% within Diptera and Lepidoptera, and only between

0% and 47% within other insect orders.

Similar results were obtained by Elbrecht et al. (2016): 16S

amplified more species and more equally through orders, thus

enhancing biomass estimation. They state that if the goal is to iden-

tify the species present in the sample, COI is still the best choice

due to the availability of extensive public reference databases, but

when the aim is to assess the biodiversity in numbers—rather than

in terms of species names—16S would be a better choice. Addition-

ally, 16S metabarcoding has the advantage of amplicons not being

mistaken with nuclear pseudogenes or Wolbachia, as can be the case

with COI (Clarke et al., 2014). Deagle et al. (2014) suggested 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).

Clearly, there is a need for more systematic search for optimal

metabarcoding markers. The increased interest in sequencing mito-

chondrial genomes in recent years, and the development of sophisti-

cated software for primer design and evaluation, has opened up new

and faster ways of tackling this task. Here, we take advantage of these

opportunities in searching for optimal metabarcoding primers. Our

results show that most previously published primers perform poorly in

silico compared with the optimal primers or primer–pair combinations

identified here and that a combination of at least two markers can sig-

nificantly increase the species detection compared to analyses using a

single marker.

2 | MATERIALS AND METHODS

2.1 | Overview

In short, we compiled all publicly available insect mitogenomes and

then applied two different primer design software packages:

MARQUINA ET AL. | 91



ECOPRIMERS and DEGEPRIME, to identify suitable markers for insect

metabarcoding. ECOPRIMERS (Riaz et al., 2011; https://git.metabarc

oding.org/obitools/ecoprimers/wikis/home) is part of the OBITOOLS

bioinformatics package (Boyer et al., 2016; https://git.metabarc

oding.org/obitools/obitools/wikis/home). Given amplicon length

interval and maximum number of errors between primer and tem-

plate (with the possibility of constraining those errors not to be in

the 3′ end of the primer), ECOPRIMERS creates a list of the best pri-

mers from a set of sequences or genomes in the dedicated

ECOPCR database format. DEGEPRIME (Hugerth, Wefer, et al., 2014;

https://github.com/EnvGen/DEGEPRIME) is a program for semi‐au-
tomated design of degenerate primers, originally developed for

microbial 16S rRNA metabarcoding but applicable more generally.

Given a maximum degeneracy (number of unique primer sequence

combinations) and primer length, DEGEPRIME creates a list of the best

primers for an input alignment.

After identifying a set of suitable markers for insect metabar-

coding using this approach, we then evaluated their performance

against that of previously published ones, focusing on taxonomic

coverage and resolution of species in the mitogenome reference

database. We also assessed the performance of different primer–
pair combinations.

2.2 | Data preparation

Two sets of complete mitochondrial genomes of Hexapoda were

created by downloading all accessible entries from GenBank, the first

accessed in October 2015 and the second accessed in September

2016 (Supporting Information Figure S1; Tables S1 and S2). The first

set (D1), comprising a total of 1,138 genomes (corresponding to 801

species, 607 genera, 268 families and 34 orders; 75 species (9%)

were represented by more than one sequence), was converted into

ECOPCR database format (for use with ECOPRIMERS) and, in parallel,

split into different FASTA files, each containing either a protein‐coding
gene or an rRNA gene, using GENEIOUS 8.1.7 (https://www.geneious.c

om, Kearse et al., 2012) (for use with DEGEPRIME). The protein‐coding
genes ATP8, ND2 and ND6 could not be extracted by aligning them

to a reference sequence using the default settings of GENEIOUS due to

high variability. Consequently, they were not considered for design-

ing primers that could amplify a wide range of insect taxa. The rest

of the extracted genes (12S, 16S, ATP6, COI, COII, COIII, ND1,

ND3, ND4, ND4L and ND5) were aligned using MAFFT v7.266 (Katoh

& Standley, 2013). The second set (D2), comprising a total of 1,600

genomes (corresponding to 1,081 species, 766 genera, 311 families

and 34 orders; 948 of the species (12%) were represented by more

than one sequence) was converted into ECOPCR database format.

D1 was used for primer design and D2 for primer evaluation. To

assess the accuracy of the taxonomic annotation of the GenBank

entries, the complete COI sequence of each entry in D1 was submit-

ted to BOLD database using custom scripts. The GenBank species

identification for each sequence and the identity provided by BOLD

were then compared.

2.3 | Design of new primers

Primer design was done using data set D1. The script TrimAlign-

ment.pl (included in the DEGEPRIME package) was run over the sets of

extracted genes, trimming away alignment columns with more than

10% of the sequences having gaps (‐min 0.9). For the DEGEPRIME anal-

ysis, we used a primer length of 18 bp (‐l 18) and maximum degener-

acy of 12‐ and 216‐fold (‐d 12/‐d 216). Maximum degeneracy was

set low (12‐fold) to find primers with high specificity and low risk of

forming primer dimers, and higher (216‐fold) to explore results from

the other end of the trade‐off between unspecificity/primer dimers

and higher sequence matching. These analyses will be referred to as

DEGEPRIME‐d12 (12‐fold degeneracy) and DEGEPRIME‐d216 (216‐fold
degeneracy). Entropy for each potential primer site is calculated by

DEGEPRIME as ∑pi log2 pi, where pi is the frequency of sequence i,

where sequence i has the same length as the primer. After finding

primer sites with low entropy, we identified the best primer pairs for

each mitochondrial gene amplifying a sequence of suitable length for

metabarcoding (100–500 bp long). ECOPRIMERS was run over the

ECOPCR database‐formatted dataset with the options of amplicon

length of 50–500 bp (‐l 50 ‐L 500), no mismatches in at least 70% of

the species (default) and up to three mismatches in 90% of the spe-

cies (default), none of them in the 3′ end of the primer (‐3 3) and

considering the sequences as circular (since the mitochondrial

genome is circular) (‐c).

2.4 | In silico PCR

The primers found in the previous step, plus already published pri-

mers for barcoding and metabarcoding of insects targeting COI, 16S

and CytB, were subjected to in silico PCR using D2 and ECOPCR in

the OBITOOLS package (Ficetola et al., 2010; https://git.metabarcoding.

org/obitools/ecopcr/wikis/home). Compared to D1, D2 contains

approximately 500 more sequences and 200 more species, thus pro-

viding a good test of the ability of the primers to detect and discrim-

inate new taxa. Stringent PCR conditions (corresponding to high

annealing temperature, resulting in higher specificity and lower

amplification bias) were emulated by setting the ECOPCR options

such that we allowed no mismatches (‐e 0) and amplicon length

±10% of the expected length for each primer pair. Nine insect orders

within D2 were also amplified separately. Specifically, we targeted

those insect orders that are most abundant in Malaise traps (Hyme-

noptera, Diptera, Lepidoptera, Hemiptera) and in pitfall traps

(Coleoptera, Collembola, Blattodea, Orthoptera and Thysanoptera).

2.5 | Measuring the performance of markers

The performance of each marker, consisting of a primer pair and its

associated amplicon, was assessed using different indices measuring

taxonomic coverage and resolution. Taxonomic coverage (BC) is the

proportion of species in the data set that are amplified by the given

primer set (Ficetola et al., 2010). Taxonomic resolution (BS) is the
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proportion of species whose amplified sequences are unambiguously

separated from the remainder of the set at a given similarity thresh-

old (Ficetola et al., 2010). A species is considered unambiguously

identified when it does not present any synonymy conflict, that is,

when no cluster of barcodes from the species contains sequences of

other species. However, this way of measuring resolution does not

penalize the presence of two or more clusters with the same species

label. This is not a problem when the analysis is reference‐based;
that is, the downstream diversity analysis aggregates split clusters

based on taxonomic annotations in a reference database. However,

when such a reference database is missing and the analysis is

focused on molecular operational taxonomic units (MOTUs), this

measure artificially inflates taxonomic resolution as the similarity

threshold increases (Riaz, 2011). To address MOTU‐based scenarios,

we propose an alternative measure of taxonomic resolution, which

we refer to as exclusive taxonomic resolution (BE), in which the pres-

ence of two or more clusters sharing the same species label is con-

sidered as an ambiguity (even when each of these clusters only

contains sequences with the same species label).

It is important to note that BS and BE are calculated over the set

of sequences amplified by the primer pair, not over the original set,

which can potentially lead to misinterpretations in case of high val-

ues of BS (or BE) and low values of BC. For instance, if a primer pair

amplifies 60% of the species in a mixture and the generated bar-

codes are able to discriminate between 87% of those amplified spe-

cies, one might get the impression of having a good primer pair,

while the reality is that such a primer pair is incapable of detecting

almost half the species in the sample (87% of 60% is 52%). To get a

general idea of how many species can be detected in a sample, we

propose the effective taxonomic resolution (ETR) index, defined as the

product between BC and BE.

For a formal definition of these measures, let SU be the set of

species occurring in a single, homogeneously labelled cluster (a

uniquely resolved or unambiguously identified species) and let SR be

the set of species occurring in a homogeneously labelled cluster (re-

gardless of whether there are more clusters with the same label). Let

SA be the set of species among the amplified sequences, and let S be

the total set of species in the database. With standard set theory

notation, where |S| denotes the number of (unique) elements in a set

S, we can then define the indices as follows: BC = |SA|/|S|, BS = |SR|/|

SA|, BE = |SU|/|SA|, and ETR = BCBE = |SU|/|S|.

An important property of BE is that it varies with the similarity

threshold used for clustering, peaking at a value (the “barcoding gap”)
that is characteristic for the marker. If the similarity threshold is too

low, many closely related species will not be distinguished; if it is too

high, variable species will lower BE. To identify this peak in BE, it is

important to have many species represented by multiple sequences.

Our reference databases have many singletons and only a few species

represented by multiple sequences. To facilitate the identification of

the optimal similarity threshold under such circumstances, we intro-

duce an alternative definition of exclusive taxonomic resolution, B
0
E,

which is defined relative to clusters and not species. Thus, it penalizes

oversplitting by counting the additional clusters generated by splitting

the species that are well represented in the database into more than

two clusters, using this to compensate for the fact that we cannot

detect oversplitting in the many singleton species.

At peak resolution (the barcoding gap), BE
0 should be a reason-

able approximation of BE measured over a database where all spe-

cies are represented by many sequences. For a formal definition, let

CA be the total set of clusters produced during the clustering of the

amplified sequences. This set is composed of three subsets: CU is

the set of clusters with a single, unique species label, CM is the set

of clusters with more than one label, and CN is the set of clusters

with a single but not unique label (i.e., the label is shared with other

clusters). Then, we define the alternative index B
0
E = |CU|/|CA| = |CU|/

(|CU| + |CM| + |CN|). Note that |CU| = |SU| but |CA| ≥ |SA|.

2.6 | Combinations of primer pairs

Two approaches were used to find good combinations of markers

(primer pairs and associated amplicons) for metabarcoding. First, we

simply examined pairs of markers that were identified in the previ-

ous steps as having good performance when used on their own (in-

dependent approach). Second, we considered the best marker

identified for each gene in the previous steps, and then searched for

the best marker for the fraction of the data set that the first marker

was unable to detect (residual approach).

To measure the success of a pair of markers, we looked at the

total number of species resolved by at least one of the two markers

relative to the total number of species in the database. We regarded

this as the total ETR of the two markers, ETRT. The contribution of

each marker was then be teased apart by focusing on the species

that were uniquely resolved by one marker but not the other. For-

mally, let SðiÞU be the set of species uniquely resolved by marker i,

with similar index notation for other species sets. Then, we define

the total ETR of two markers i and j as

ETRði;jÞ
T ¼ jSðiÞU ∪SðjÞU j

jSj ;

and the uniquely contributed taxonomic resolution of marker i as.

ETR ið Þ
U ¼

S ið Þ
U nS jð Þ

U

�
�
�

�
�
�

Sj j :

Note that SX\SY refers to the elements occurring in SX but not in

SY. Finally, we define the redundant taxonomic resolution of two

markers i and j, that is the species that are unambiguously resolved

by both markers, as

ETRði;jÞ
R ¼ jSðiÞU ∩SðjÞU j

jSj :

Note that these indices are additive, such that

ETR i;jð Þ
T ¼ ETR ið Þ

U þ ETR jð Þ
U þ ETR i;jð Þ

R :

Primer quality indices and other definitions are summarized in

Table 1. Unique, redundant and combined sets of species were com-

puted using custom scripts.
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2.7 | Computations

The BC index values were computed using the command ecotaxstat

from the OBITOOLS package. The BS values were calculated using the

command ecotaxspecificity with a similarity threshold varying from

95% to 100% in steps of 1%. The same similarity threshold range

was used with the algorithm UCLUST (implemented in the program

USEARCH, Edgar 2010), and then, custom scripts were used to

count the number of clusters with a single, unique species label, |CU|,

and the clusters with mixed labels or with a single but not unique

label, |CM| and |CN|, which were then used to compute BE
0 and all

variants of the ETR index. All scripts used for the study are available

at https://github.com/metagusano/new_primers_insects.

3 | RESULTS

3.1 | Primer design

Potential primer sites in the rRNA genes (12S and 16S) have signifi-

cantly lower entropy than the best primer sites in the protein‐coding

genes (Figure 1, Supporting Information Figure S2). Both rRNA genes

offer primer sites with entropy well below 4, which is rare in the

other genes. Only primer pairs matching more than half of the D1

sequences were considered for further examination. For DEGEPRIME‐
d12, no primers filling this requirement were found for ATP6, ND1,

ND3, ND4 or ND4L, but a large number of potential primer pairs

were identified in the remaining genes (Supporting Information

Table S3). The 12S primers F1 and F2, as well as R1 and R2, are

very closely located one to each other and partially overlap with SR‐
J‐14199–SR‐N‐14594 published by Kambhampati and Smith (1994).

One of the 16S reverse primers (Hex16SR2) coincided with the

reverse complement of the primer Ins16S_9R published by Clarke

et al. (2014). For cytochrome b, the forward primer of one of the

pairs we found coincided with the reverse complement of REVCB2H

of Simmons and Weller (2001), while the forward primer of the

other pair corresponds to the same primer but shifted one position

forward in relation to REVCB2H. None of the other primers we

found correspond to previously published primers.

For DEGEPRIME‐d216 (Supporting Information Table S4), we found

primers matching more than half of the D1 sequences in all genes

except ND4L. A high proportion of DEGEPRIME‐d216 primers are more

degenerate versions of primers from DEGEPRIME‐d12. All DEGEPRIME‐d12
primers that partially overlapped with previously published primers

(see above) had more degenerate DEGEPRIME‐d216 versions. The COI

primer pair HexCOIF4–HexCOIR4 found in DEGEPRIME‐d216 partially

overlaps with BF2–BR1 published by Elbrecht and Leese (2017) and

ArF(1–5,10)–ArR(2,3,5,6,7,9) published by Gibson et al., 2014. Finally,

the DEGEPRIME‐d216 primer HexCytBF3 partially overlaps with the

reverse complement of REVCB2H of Simmons and Weller (2001).

ECOPRIMERS found five primer pairs, which are all combinations

between two forward primers and three reverse primers (F1‐R1,
F1‐R2, F2‐R2, F1‐R3, F2‐R1; see Supporting Information Table S5).

All five pairs amplify fragments of the 16S gene.

3.2 | Measuring the quality of primer pairs

Among all primer pairs analysed (found using DEGEPRIME, ECOPRIMERS or

previously published), the ones with the highest coverage (BC) for

each gene were used to test the differences between different ways

of measuring resolution (BS and BE
0). For all markers, taxonomic reso-

lution measured in the standard way (BS) increased monotonically as

the similarity threshold increased, reaching its maximum at 100%

(Figure 2a), that is, when only identical sequences are considered to

belong to the same cluster. The resolution was very similar for the

different markers at 100% similarity threshold (0.95–0.98), while dif-

ferences increased at lower thresholds, ranging from 0.57 for 12S to

0.84 for COIII and CytB at a similarity of 95%.

In contrast, exclusive taxonomic resolution (BE
0) of different mark-

ers peaked at different intermediate similarity thresholds (Figure 2b),

the peak corresponding to where the barcoding gap stands for each

one of them. Maximum BE
0 was reached at a similarity threshold of

99% for 12S and 16S; 96%–97% for COI, 96%–98% for COII, 95%–
96% for COIII, 95% for CytB and 97% for ND5. Measuring exclusive

TABLE 1 Primer and barcode quality indexes

Index Symbol Summary

Taxonomic coverage BC Proportion of species whose

sequences are amplified by the

primer pair

Taxonomic resolution BS Proportion of species whose

amplified sequences are

unambiguously identified. Not

considering repeated species

labels as ambiguity

Exclusive taxonomic

resolution

BE Proportion of species whose

amplified sequences are

unambiguously identified.

Considering repeated species

labels as ambiguity

Effective taxonomic

resolution

ETR Proportion of species whose

sequences are amplified and

unambiguously identified.

Considering repeated species

labels as ambiguity

Combined effective

taxonomic resolution

ETRCS Effective taxonomic resolution

achieved by using

simultaneously two or more

barcoding markers on the same

data set

Redundant effective

taxonomic resolution

ETRR Effective taxonomic resolution

shared by the two or more

simultaneous barcoding markers

Uniquely contributed

effective taxonomic

resolution

ETRU Effective taxonomic resolution

obtained by just one of the two

or more simultaneous barcoding

markers, but not by the other(s)

Residual effective

taxonomic resolution

ETRCR Effective taxonomic resolution

obtained from designing a new

primer pair for the species that a

previous primer pair failed to

amplify
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taxonomic resolution relative to species rather than clusters resulted

in curves that were intermediate between BS and BE
0 , as expected

(data not shown). These curves did not allow safe identification of the

optimal similarity threshold values for different markers. In all subse-

quent analyses, the optimal similarity threshold value identified using

BE
0 was chosen for each primer pair evaluated (97% in the case of COI

to comply with the common practice in metabarcoding, 97% in the

case of COII and 96% in the case of COIII).

Note that the peak of exclusive taxonomic resolution is at 89%–
90% of the species in the D2 data set for all primers. Most of the

unresolved 10% of species are shared between different markers

(Supporting Information Table S10), suggesting that only 89%–90%
of species in D2 can be resolved using mitochondrial markers. The

remaining species either have more intraspecific or less interspecific

variation in their mitochondria than is typical, or the taxonomic

annotation is incorrect. Given that the disagreement in the

taxonomic annotation of D1 and D2 between GenBank and BOLD

(considered to be better taxonomically curated) is around 10% (Sup-

porting Information Table S11), it seems likely that the main explana-

tion is erroneous taxonomic labelling of the sequences.

3.3 | Performance of single markers

Figure 3 shows the performance of previously published markers (pri-

mer pair and associated amplicon) and the best markers designed with

DEGEPRIME‐d12, DEGEPRIME‐d216 and ECOPRIMERS. Detailed results for all

primers are given in the supplementary material (Supporting Informa-

tion Tables S3–S5, S8 and S9; see also separate csv files S12–S16).
The DEGEPRIME‐d12 markers (Figure 3, Supporting Information

Table S3) fall into two groups with respect to taxonomic coverage

(BC): the two rRNA genes with high coverage (around 0.80–0.90)
and the protein‐coding genes with intermediate levels of coverage

F IGURE 1 Entropy per site of the eight genes showing the location of the selected primers. Entropy is defined as −Σ pi·log2(pi), where pi is
the frequency of oligomer i. Yellow lines represent primer pair, and green lines represent resulting amplicon [Colour figure can be viewed at
wileyonlinelibrary.com]
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(0.50–0.60). The taxonomic coverage roughly reflects the entropy of

the primer pairs, low entropy corresponding to high taxonomic cov-

erage. The taxonomic resolution (BE
0), however, is more similar

among markers, ranging from 0.80 for the worst 16S amplicon

(Hex16SF2–Hex16SR2) to 0.89 in the best markers (note that BE
0 is

calculated at different similarity thresholds depending on the vari-

ability of the gene). Thus, the markers with the broadest coverage

are only slightly worse in distinguishing between sequences of clo-

sely related species, even though they need to consider a larger set

of species. This results in the effective resolution being considerably

higher for the rRNA markers (ETR = 0.71–0.83) than for the markers

in the protein‐coding genes (ETR = 0.46–0.53).
The more degenerate DEGEPRIME‐d216 primers (Figure 3, Support-

ing Information Table S4) for the 12S rRNA gene improved coverage

considerably (from 0.81–0.88 to 0.94) compared to the DEGEPRIME‐
d12 primers, but there was only a slight increase for the 16S rRNA

gene (from 0.92–0.93 to 0.96). For the protein‐coding genes, the

improvement was more striking. Relaxing the stringency to 216‐fold
degeneracy produced competitive primers for genes where adequate

primers with 12‐fold degeneracy did not exist (ATP6, ND1, ND3 and

ND4). It also significantly increased the coverage of COI, COII and

CytB primers, while the effect was smaller for COIII and ND5. The

case of COII and CytB is especially noteworthy, since the degenerate

primers for these genes reach BC values as high as those of the best

rRNA primers with 12‐fold degeneracy (Figure 3, Supporting Infor-

mation Tables S3 and S4).

The metabarcoding markers found using ECOPRIMERS (Figure 3,

Supporting Information Table S5) exclusively target regions of the

16S gene. However, they have considerably lower coverage (BC =

0.57–0.64) and effective resolution (ETR = 0.46–0.51) than the 16S

markers found with DEGEPRIME.

Among the already published primer pairs (Supporting Informa-

tion Table S8), resolution of the corresponding amplicon is generally

high (BE
0 = 0.81–0.90), but the coverage varies over a wide range

depending on the degeneracy of the primers. The 16S primer pairs

that only include degenerate bases in the forward primer (Ins16S_1

and Ins16S_1short) or a single degenerate base in the reverse primer

(Ins16S_9) have low‐to‐intermediate coverage values (BC = 0.06–
0.56), while the pair that has degeneracy in both primers (16SIns_F/

Ins_R) has considerably higher coverage (BC = 0.80). Effective taxo-

nomic resolution ranges from 0.14 (Ins16S_1short) to 0.70

(16SIns_F/Ins_R). For COI, the effect of primer degeneracy is even

more pronounced, with moderate‐to‐high coverage (BC = 0.68–0.87)
for the highly degenerate primers BF/BR, while the coverage was

much lower (BC = 0.00–0.06) under the strict PCR settings used here

for primers with low (only one degenerate base, or several degener-

ate bases but only in one primer of the pair) or no degeneracy

(Supporting Information Table S8). As a consequence, ETR is medium

to high (0.61–0.78) for the pairs involving BF/BR combinations, and

close to zero for the remaining pairs. Coverage of the BE fragment

of COI, amplified by the primers ArF2–ArR5 (Gibson et al., 2014), is

as high as with the rRNA genes (BC = 0.93) when inosine is set to

pair with all nucleotides (acting as an N), but was considerably

reduced (BC = 0.72) when set to pair with only A, T and C (acting as

an H). The single primer pair targeting CytB (REVCB2H–REVCBJ),
with only the forward primer with degeneracy of twofold, also had

low taxonomic coverage (BC = 0.01), and ETR close to zero.

Further evaluation was only performed for the best primer pair

for each gene, the pair with the highest ETR value (Table 2). For all

genes except COI, the best pair found was one designed using DEGE-

PRIME. For COI, the best pair found using DEGEPRIME was very similar

to the pair BF2–BR1 (ELbrecht & Leese, 2017): Both of the Hex-

COIF4–HexCOIR4 primers are two bases shorter than the BF2–BR1
primers, and there are two substitutions (Y for T in the 18th base

starting from the 5′ end and N for D in the 3rd base starting from

the 5′ end) that provide HexCOIF4–HexCOIR4 with a higher cover-

age than BF2–BR1 (0.75 vs. 0.72). Although the combination BF2–
BR2 has even higher ETR, the amplicon length of BF2–BR1 or

HexCOIF4–HexCOIR4 is more suitable for today's sequencing plat-

forms. In the end, we therefore selected HexCOIF4–HexCOIR4 for

F IGURE 2 Taxonomic resolution (left) and exclusive taxonomic resolution (right) at increasing similarity thresholds. For all genes, BS index
increases as the similarity threshold increases, while BE reaches the peak at different points, indicating where the barcoding gap is for each
marker [Colour figure can be viewed at wileyonlinelibrary.com]
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further study. Also, given that the increase in ETR values between

rRNA primers with 12‐ and 216‐fold degeneracy is modest and that

the degenerate rRNA primers could potentially amplify noninsect

DNA from environmental samples during the PCR because of the

low variability of the rRNA gene, we selected the rRNA primers with

12‐fold degeneracy for further study.

Among the nine insect orders most abundantly found in Malaise

traps and pitfall traps, the highest ETR is provided by 16S for Dip-

tera, Coleoptera and Collembola (Figure 4). The highest ETR for

Orthoptera and Hemiptera is provided by 12S, while CytB is the

best marker for Coleoptera and Thysanoptera, and COII for Hyme-

noptera, Lepidoptera and Blattodea (ND5 provides equal ETR for

Blattodea). Surprisingly, COI does not provide the highest ETR for

any of the nine orders, although it performs reasonably well for all

of them except Hymenoptera and Thysanoptera. The only order for

which 16S fails is Thysanoptera, while 12S provides low ETR for

Thysanoptera, Collembola and Hymenoptera. Values of ETR of CytB

and COII are also generally high with exceptions: COII fails for Thy-

sanoptera and CytB provides low ETR for Collembola. The rest of

the genes vary dramatically in performance across the nine orders.

Looking at the metabarcoding success by insect order instead,

the orders that are easiest to analyse (as judged by the average ETR

across the seven genes) are Diptera, Coleoptera and Lepidoptera,

followed by Blattodea, Orthoptera and Hemiptera and then by

Collembola, Hymenoptera and Thysanoptera (Figure 4).

3.4 | Performance of marker pairs

When combining two markers, the best results were obtained with

COI + COII (ETR = 0.89), and 12S + COI or 16S + COI (both combi-

nations with ETR = 0.88), followed by 12S + 16S, 12S + COII,

12S + CytB and COI + CytB (ETR = 0.85), and 16S + COII, 16S +

CytB and COII + CytB (ETR = 0.84) (Figure 5a, Supporting Informa-

tion Tables S10 and S11). For the three best marker pairs, which all

F IGURE 3 Taxonomic coverage (green), exclusive taxonomic resolution (blue) and effective taxonomic resolution (orange) of examined
primers. Top left: newly designed primers with ECOPRIMERS and published primers with no degeneracy. Top right: newly designed primers with
DEGEPRIME and published primers with degeneracy lower or equal to 12‐fold. Bottom: newly designed primers with DEGEPRIME and published
primers with degeneracy higher than 192‐fold. Among the published primers, only those with BC > 0.15 are shown in this graph [Colour figure
can be viewed at wileyonlinelibrary.com]
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involve COI, and for COI + CytB, the ETRU of COII, 12S, 16S and

CytB is at least double that of COI. Outside these cases, the ETRU

values of the two markers of the pair are more balanced.

Optimizing the primers for the second marker by designing them

only over the set of sequences missed by the first marker (Figure 5b,

Supporting Information Figure S3; Table S9) produced similar results

to those obtained by combining the original, independently designed

markers (Figure 5a). The highest ETRT was obtained when designing

a COI primer over the residual of 16S (ETRT = 0.88), followed by

12Sr16S, 16SrCOI, CytBrCOI, 16SrCOII and CytBrCOII (ETRT =

0.87). The primers designed for different markers over the residual

of 12S obtained the lowest values of ETRT (0.79–0.82), while the

Marker
Primer pair
(name) Primer pair (sequence)

Amplicon
size (mean) BC BE (%) ETR

12S Hex12SF2–
Hex12SR2

ACTWTGTTACGACTTDTY 391 0.88 0.89 (99) 0.78

AGGATTAGATACCCTDBT

16S Chiar16SF–
Chiar16SR

TARTYCAACATCGRGGTC 348 0.93 0.89 (99) 0.83

CYGTRCDAAGGTAGCATA

COI HexCOIF4–
HexCOIR4

HCCHGAYATRGCHTTYCC 322 0.83 0.90 (97) 0.75

TATDGTRATDGCHCCNGC

COII HexCOX2F3–
HexCOX2R3

GGNCRHCARTGRTAYTGA 260 0.91 0.89 (97) 0.81

RATYTCDGARCAYTGNCC

CytB HexCytBF3–
HexCytBR3

NCAAATRTCNTTHTGRGG 373 0.92 0.89 (96) 0.82

YCAYTCDGGYTKRATRTG

ND1 HexND1F4–
HexND1R4

ATHARYTTATCRTANCGR 210 0.81 0.88 (97) 0.71

NTTYGAYTTTKCDGARGG

ND4 HexND4F4–
HexND4R4

HGGDGCYTCNACATGDGC 211 0.75 0.89 (97) 0.67

RGGNTAYCARCCDGARCG

ND5 HexND5F3–
HexND5R3

RTCYYTNGARTAAAAHCC 271 0.74 0.89 (97) 0.66

NGCHAAYTWTGARTWTGA

TABLE 2 Selected best primers found
for insect metabarcoding. Together with
BE, optimal similarity threshold is written
between brackets

F IGURE 4 Effective taxonomic resolution of the selected primers for the nine most abundant orders from Hexapoda found in Malaise and
pitfall traps [Colour figure can be viewed at wileyonlinelibrary.com]
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highest were obtained over the residual of 16S (0.86–0.88). In all

cases, designing a new primer for one marker over the residual of

the same marker (e.g., 16Sr16S) provided the lowest values of ETRT

among the combinations for that original marker. In general, the

complementary primers designed over residuals are versions of

the original primers but with differences in the wobble bases, and

the associated amplicons overlap with the original amplicons even

though they may differ in length. Only in two cases, COIr12S and

16SrCOI, the amplicons do not overlap with the independently

designed amplicons.

4 | DISCUSSION

The rapid pace in the publication of mitochondrial genomes, and the

improvement of in silico tools for primer design and evaluation,

opens up new possibilities in the quest for optimal metabarcoding

protocols. Even though the performance of the primers found using

in silico approaches must still be validated experimentally, these

methods are clearly here to stay. The current activity of mitogenome

sequencing is well illustrated by the difference in size between the

two data sets used for this study, downloaded only 11 months apart

and indicated an annual increase in the publicly available mitogen-

omes by approximately 50%. The data set used by us to design pri-

mers (D1) was downloaded in September 2015 and contains

mitochondrial genomes of more than 800 species. In a previous

study published only a year earlier, Clarke et al. (2014) had access to

data from only 315 insect species (excluding Collembola, Diplura and

Protura), less than half of the data set used here.

One potential problem with the computational approach is that

publicly available data do not necessarily reflect the composition of

real environmental samples. For instance, Malaise trap samples tend

to be dominated by Diptera and Hymenoptera specimens, but these

orders are less frequently targeted in mitogenome sequencing pro-

jects than more popular groups like Lepidoptera, Coleoptera and

F IGURE 5 Combined effective
taxonomic resolution (ETR) for all the
markers with an ETR ≥0.75. Top:
simultaneously combined ETR showing
redundant ETR (orange), uniquely
contributed ETR by the first primer pair
(blue) and uniquely contributed ETR by the
second primer pair (green). Bottom:
residually combined ETR showing original
ETR (grey) and residual ETR (brown); only
the best two combinations per original
marker are shown (all the combinations are
in Supporting Information Figure S3)
[Colour figure can be viewed at
wileyonlinelibrary.com]
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some of the minor insect orders. However, the compositional biases

are perhaps less problematic than one might fear. Even though they

are clearly underrepresented, Diptera and Hymenoptera are still rea-

sonably well represented in the databases we used (Supporting

Information Figure S1).

At a finer taxonomic scale, there may also be important differ-

ences between the databases and real environmental samples. For

instance, we observed that a few groups, like Drosophila, are very

well represented in the mitogenome databases, with numerous

sequences from the same or very closely related species, while most

groups are represented by a diversified selection of mitogenomes

from different species. In an environmental sample, such as a

Malaise trap sample, one might expect a different type of distribu-

tion of sequence abundance and similarity. Nevertheless, given the

size of the publicly available databases, we do expect our results to

be at least indicative of the performance of the primer pairs in

metabarcoding of real samples.

In terms of in silico tools, we compared results obtained with

ECOPRIMERS, a popular primer design software for metabarcoding stud-

ies, with those from DEGEPRIME. Although DEGEPRIME has been widely

used for primer design in the field of microbial metabarcoding, its

use in eukaryotic studies has so far been restricted to unicellular

organisms (Hu, Karlson, Charvet, & Andersson, 2016; Hugerth,

Muller, et al., 2014; Parada, Needham, & Fuhrman, 2016). However,

DEGEPRIME presents a series of advantages over ECOPRIMERS. For

instance, it gives the user more control over the parameters that are

important in finding adequate primers. It also allows the design of

degenerate primers, making it possible to find primers that amplify a

larger proportion of the sequences in the database at stringent PCR

conditions. In our study, the primers found using ECOPRIMERS did not

nearly perform as well as those found with DEGEPRIME, primarily

because they were not degenerate.

In the ideal case, a primer pair used for metabarcoding should

amplify the desired DNA sequence of all representatives of the tar-

get group present in the sample, and bioinformatic processing of

these sequences would then be able to identify the species (and

their abundance). To do this, the selected DNA sequence should

have highly variable regions that are able to discriminate between

closely related species, flanked by regions that are conserved across

the target group so that they form suitable targets for PCR primers

(Ficetola et al., 2010). These features should also be present in a

short fragment to fit current sequencing platforms and to allow anal-

ysis of degraded DNA (Taberlet et al., 2012).

How can these properties be quantified? Ficetola et al. (2010;

see also Riaz, 2011) proposed the indices BC and BS for taxonomic

coverage and taxonomic resolution, respectively. These indices have

proven useful and have been widely employed (Bellemain et al.,

2010; Clarke et al., 2014; Epp et al., 2012). However, BS increases

monotonically with the similarity threshold, making it useless in find-

ing the barcoding gap (Figure 2a; Hebert et al., 2003, Meyer &

Paulay, 2005). Thus, BS fails to discriminate between inter‐ and

intraspecific genetic variation and does not consider the haplotype

diversity within species that barcoding (and, by extension,

metabarcoding) should assume. Only the presence of a rich refer-

ence database would allow safe identification of the clusters that

belong to the same species, and even, the COI reference databases

are still not complete enough for this in most cases. Therefore, BS is

not an adequate measure for comparing the performance of

metabarcoding markers.

In theory, the exclusive taxonomic resolution index we propose

here (BE) solves these problems. Given a rich reference database

covering intraspecific variation in all taxa, it should allow us both to

identify the barcoding gap and to compare the performance of dif-

ferent metabarcoding markers when species circumscriptions cannot

be deduced from a reference database. However, we found that BE

did not decrease rapidly enough at high similarity values to allow

safe identification of the barcoding gap using our database. The rea-

son is apparently the small number of species for which any

intraspecific variation is covered in our database. Therefore, we also

propose the alternative definition of the index, BE
0 , which measures

resolution relative to clusters and not to species in the database.

This results in the index being increasingly penalized as the few

abundantly represented species are split into smaller and smaller

clusters when the similarity threshold value is increased beyond the

barcoding gap. This version of the index allowed us to easily find the

barcoding gap (Figure 2). Our modified index should lag slightly

behind BE in the decrease in resolution seen beyond the barcoding

gap because of the relative shortage of high amounts of intraspecific

diversity in the database. However, the decrease in BE
0 should be

faster and more dramatic at high threshold values than for BE, as is

also evidenced by our plot (Figure 2). At the barcoding gap, BE
0

should be a good approximation of BE.

We asked ourselves why we never obtained exclusive taxonomic

resolution over 0.90 in our analyses, even for COI markers that sup-

posedly should provide almost perfect taxonomic resolution. The fact

that most (67%–86%) of the unresolved species were shared

between marker pairs (Supporting Information Table S7) suggests

that most of these species are impossible to circumscribe correctly

using the mitochondrial data in the database. This could be because

the taxonomic annotation in the database is incorrect, or because

the mitochondrial genetic variation within species is unusually small

or high in these species. In either case, it seems likely that the taxo-

nomic resolution values presented here are conservative estimates

of the true values.

Arguably, the best metabarcoding primers we found are the 12‐
fold degenerate primer pairs targeting 16S and 12S. It was necessary

to increase the degeneracy level considerably to obtain similar perfor-

mance for the primers targeting protein‐coding genes. Clearly, this

reflects the superiority of rRNA genes as metabarcoding markers

because of the presence of continuous, highly conserved regions

allowing the design of universal primers. The variability seen at third

codon positions in protein‐coding genes makes it more difficult to find

good primers. There is also an increased risk that new sequence vari-

ants not considered in the design phase will show up in environmental

samples and that they will not be amplified due to primer mismatch.

One might have expected the performance of rRNA markers to be
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negatively affected by the difficulty of separating closely related spe-

cies based on a conservative sequence, but our results indicate that

this is a not a major issue when the amplicon is long enough to allow

for several nucleotides of difference. The exclusive taxonomic resolu-

tion of the best rRNA markers is very similar to that of the best pro-

tein‐coding markers. Closely related species have more similar rRNA

marker sequences, but they are still distinct.

The situation appears to be different for nuclear rRNA markers.

The rRNA sequences of the large and small ribosomal subunits (18S

and 28S) have conserved regions that allow the design of primers

with good coverage, like the mitochondrial rRNA markers, but the

resulting amplicons also tend to be conservative, resulting in very

low taxonomic resolution (Wangensteen et al., 2018). Among nuclear

markers, the internal transcribed spacer (ITS) may be the most

promising for metabarcoding. It is known to provide good taxonomic

resolution and has the advantage of being flanked by conserved

regions (subunits 5.8S and 28S), so primers can be satisfactorily

designed (Schoch et al., 2012). The ITS reference database is com-

prehensive for fungi, but, unfortunately, this is not at all the case for

insects (a similar situation to the one of some of the mitochondrial

genes mentioned here). Nevertheless, for a survey where separation

of MOTUs is sufficient, ITS is definitely an alternative worth consid-

ering (Toju & Baba, 2018, Yao et al., 2010). The entomological com-

munity could clearly benefit from creating reference databases for

promising nuclear metabarcoding markers, such as ITS, in addition to

the increased efforts of expanding reference databases of whole

mitochondrial genomes and individual mitochondrial markers.

Boosting the performance of metabarcoding markers in protein‐
coding genes using highly degenerate primers can potentially present

several problems, such as higher risk of primer dimers or of binding

of primers to off‐target regions in the genome. Nevertheless, we

focused our detailed studies of protein‐coding markers on 216‐fold
degenerate primers because of their vastly superior performance in

silico compared to 12‐fold degenerate primers. Primers targeting

conservative rRNA genes also come with a risk, namely that they will

amplify a large number of sequences of nontarget taxa, such as bac-

teria that may be present in water or soil samples used in arthropod

inventories. For these reasons, we chose to focus our analyses on

rRNA primers with 12‐fold degeneracy, even though there was a

modest but still significant increase in the ETR values of the rRNA

primers with 216‐fold degeneracy. These choices should be borne in

mind when interpreting our results.

Although our results show that several other protein‐coding genes

(notably COII and CytB) offer excellent markers for metabarcoding at

216‐fold degeneracy, the COI results are of particular interest because

of the rich reference data available for this gene. The best primer pair

we found for COI was the one amplifying the BE fragment, with the

primers ArF2–ArR5 (Gibson et al., 2014), with an ETR of 0.84, followed

by the pairs BF2–BR2 (Elbrecht & Leese, 2017) (ETR = 0.78), Hex-

COIF4–HexCOIR4 (ETR = 0.75) and BF2–BR1 (Elbrecht & Leese,

2017) (ETR = 0.75). However, it must be noted that the high ETR

value for the BE fragment is only obtained when inosine is considered

to pair with all other bases. Inosine actually only binds to adenine,

thymidine and cytosine; if this is taken into account, the ETR of this

marker decreases to 0.65, lower than the other primer pairs. The next

best primer pair is BF2–BR2, but the associated amplicon (422 bp) is

longer than is ideal for current HTS platforms. Thus, the best COI pri-

mers that we found are thus the pairs BF2–BR1 and HexCOIF4–Hex-

COIR4. These two pairs are almost identical, with only two different

bases in the reverse primer, which at least in silico grant HexCOIF4–
HexCOIR4 a slightly higher ETR value. The first of these primer pairs

was presented only very recently, and the second is new to this study.

The primers used in most of the published COI metabarcoding studies

of insect diversity have considerably lower performance than these

primers according to our results.

Our taxon‐specific analysis confirms previous studies (Clarke

et al., 2014; Elbrecht et al., 2016), which have shown that 16S mark-

ers present considerably less amplification bias than COI markers

across insect taxa. Nevertheless, 16S markers fail to detect Thysa-

noptera. Markers in the 12S, COI, COII and CytB genes are mostly

able to detect Thysanoptera, but they show considerably more varia-

tion in ETR across other insect orders. Due to its high degeneracy,

the best COI primer pair studied here overcomes most of the bias

reported previously for other COI metabarcoding primers (Brandon‐
Mong et al., 2015; Clarke et al., 2014; Yu et al., 2012). In conclusion,

no marker has perfect coverage across all insect orders, and a combi-

nation of primers should be considered if broad taxonomic coverage

is needed.

Our results indicate that it is possible to increase the ETR from

about 0.80 to almost 0.90 by combining two markers. As noted above,

this is close to the maximum resolution obtainable for the database.

The best combinations are arguably 12S–COI, 16S–COI and COI–COII,

since they show high ETRT values while allowing one to take advan-

tage of the extensive reference data for COI. The combinations 16S–
COI and COI–COII are especially interesting for insect metabarcoding

with broad taxonomic coverage, since both 16S and COII provide high

ETR for Hymenoptera (the most diverse order of Hexapoda; Forbes,

Bagley, Beer, Hippee, & Widmayer, 2018). Designing the second pri-

mer pair over the sequences not amplified by the first primer pair did

not significantly improve the results. Presumably, this occurs because

the residual sequences still represent a large portion of the original

taxonomic and genetic diversity. Designing complementary primers

over residuals may nevertheless be useful for well‐known biotas, espe-

cially for targeting the specific taxa that COI cannot detect. However,

for poorly documented areas, there is a significant risk of missing taxa

that are not amplified by the original marker but are not present in the

primer design database either. In such cases, it may be better to use

independently designed primers.

Multilocus or multigene approach has been used in several

metabarcoding studies as a solution to fill the gaps in the detection

of species by a single marker that is not able to amplify or discrimi-

nate between certain species (Cowart et al., 2015; Drummond et al.,

2015; Shaw et al., 2016). Alberdi, Aizpurua, Gilbert, and Bohmann

(2017) pointed out that the use of different markers targeting the

same taxon reduces the effect of the biases of individual primer sets

and increases the taxonomic coverage of the sample. In insect
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surveys, however, the multilocus approach has been less frequently

applied (Alberdi et al., 2017; Elbrecht et al., 2016).

Even though the use of two primer pairs can increase taxonomic

resolution significantly, it must be borne in mind that the individual

HTS reads of the two markers cannot be combined, at least not

using standard protocols. Thus, advanced bioinformatic processing

will be needed to synthesize results across analyses using two sepa-

rate markers. Interestingly, such analyses could help improve the

quantification of the abundance of different species if amplification

biases differ between markers.

A key finding of this study is that the best metabarcoding mark-

ers for insects are not found in the COI gene. The rRNA markers

offer much broader taxonomic coverage at low levels of primer

degeneracy and under stringent PCR conditions, while still resolving

most species that can be separated genetically. At high levels of pri-

mer degeneracy, markers in the protein‐coding genes can compete

in performance with the rRNA markers, but under such conditions,

the best COI markers are often outperformed by markers in other

genes like COII and CytB. It is true that we currently lack reference

data for these alternative markers. However, there is much to sug-

gest that recent advances in the sequencing of mitochondria, such

as mitochondrial metagenomics (Crampton‐Platt, Yu, Zhou, & Vogler,

2016, Cicconardi et al., 2017; Zhou et al., 2013) and long‐range PCR

for whole mitochondrial genome amplification (Deiner et al., 2017),

will change this in the near future. As the public mitogenome data-

bases grow in size, so do the reference libraries for all mitochondrial

markers, as the existing COI reference data can be used to provide

reliable taxonomic annotation of entire mitochondrial genomes,

where such annotation is not available from other sources. HTS

techniques can also now be used to facilitate the generation of ref-

erence libraries for custom markers during local or national barcod-

ing campaigns. Therefore, we think metabarcoding projects should

seriously consider the use of markers outside of COI as a comple-

ment to or replacement of COI‐based analyses.

ACKNOWLEDGEMENTS

We are thankful to Niclas Gyllenstrand for asking the question that

resulted in the formalization of the combined ETR indices, and to

Chiara Leo for her assistance in the curation of the mitochondrial

data sets. This project was funded by the European Union's Horizon

2020 research and innovation programme under the Marie Skło-

dowska–Curie grant agreement no. 642241 (BIG4 project, https://

big4-project.eu) and by a grant from the Swedish Research Council

(No. 2014‐05901).

AUTHOR CONTRIBUTIONS

D.M., A.F.A. and F.R. conceived and designed the study. D.M. col-

lected the data, conducted the analysis, wrote the first draft of the

manuscript and prepared the figures and tables. D.M., A.F.A. and

F.R. reviewed and contributed to subsequent drafts of the

manuscript.

DATA ACCESSIBILITY

All the ecopcr files, as well as the two mitochondrial genomes data

sets D1 and D2, can be accessed at https://zenodo.org/record/

1326419#.W2WVr62B1E5.

ORCID

Daniel Marquina http://orcid.org/0000-0001-5722-058X

REFERENCES

Alberdi, A., Aizpurua, O., Gilbert, M. T. P., & Bohmann, K. (2017). Scruti-

nizing key steps for reliable metabarcoding of environmental samples.

Methods in Ecology and Evolution, 9, 134–147.
Bellemain, E., Carlsen, T., Brochmann, C., Coissac, E., Taberlet, P., &

Kauserud, H. (2010). ITS as an environmental DNA barcode for fungi:

An in silico approach reveals potential PCR biases. BMC Microbiology,

10, 189–197. https://doi.org/10.1186/1471-2180-10-189
Boyer, F., Mercier, C., Bonin, A., LeBras, Y., Taberlet, P., & Coissac, E.

(2016). OBITools: A UNIX‐inspired software package for DNA

metabarcoding. Molecular Ecology Resources, 16, 176–182.
Brandon‐Mong, G. J., Gan, H. M., Sing, K. W., Lee, P.‐S., Lim, P.‐E., & Wil-

son, J.‐J. (2015). DNA metabarcoding of insects and allies: An evalua-

tion of primers and pipelines. Bulletin of Entomological Research, 105,

717–727. https://doi.org/10.1017/S0007485315000681
Brannock, P. M., & Halanych, K. M. (2015). Meiofaunal community analy-

sis by high‐throughput sequencing: Comparison of extraction, quality

filtering, and clustering methods. Marine Genomics, 23, 67–75.
https://doi.org/10.1016/j.margen.2015.05.007

Cawthorn, D. M., Steinman, H. A., & Witthuhn, R. C. (2012). Evaluation

of the 16S and 12S rRNA genes as universal markers for the identifi-

cation of commercial fish species in South Africa. Gene, 491, 40–48.
https://doi.org/10.1016/j.gene.2011.09.009

Cicconardi, F., Borges, P. A. V., Strasberg, D., Oromí, P., López, H., Pérez‐
Delgado, A. J., … Emerson, B. C. (2017). MtDNA metagenomics

reveals large‐scale invasion of belowground arthropod communities

by introduced species. Molecular Ecology, 26(12), 3104–3115.
https://doi.org/10.1111/mec.14037

Clarke, L. J., Soubrier, J., Weyrich, L. S., & Cooper, A. (2014). Environ-

mental metabarcodes for insects: In silico PCR reveals potential for

taxonomic bias. Molecular Ecology Resources, 14, 1160–1170.
Cowart, D. A., Pinheiro, M., Mouchel, O., Maguer, M., Grall, J., Miné, J., &

Arnaud‐Haond, S. (2015). Metabarcoding is powerful yet still blind: A

comparative analysis of morphological and molecular surveys of sea-

grass communities. PLoS ONE, 10, e0117562–26.
Crampton‐Platt, A., Yu, D. W., Zhou, X., & Vogler, A. P. (2016). Mitochon-

drial metagenomics: Letting the genes out of the bottle. GigaScience,

5, 15. https://doi.org/10.1186/s13742-016-0120-y

Deagle, B. E., Jarman, S. N., Coissac, E., Pompanon, F., & Taberlet, P.

(2014). DNA metabarcoding and the cytochrome c oxidase subunit I

marker: Not a perfect match. Biology Letters, 10, 20140562. https://d

oi.org/10.1098/rsbl.2014.0562

Deiner, K., Renshaw, M. A., Li, Y., Olds, B. P., Lodge, D. M., & Pfrender,

M. E. (2017). Long‐range PCR allows sequencing of mitochondrial

genomes from environmental DNA. Methods in Ecology and

Evolution, 8(12), 1888–1898. https://doi.org/10.1111/2041-210X.

12836

Dell’Anno, A., Carugati, L., Corinaldesi, C., Riccioni, G., & Danovaro, R.

(2015). Unveiling the biodiversity of deep‐sea nematodes through

metabarcoding: Are we ready to bypass the classical taxonomy? PLoS

ONE, 10, e0144928–18.

102 | MARQUINA ET AL.

https://big4-project.eu
https://big4-project.eu
https://zenodo.org/record/1326419#.W2WVr62B1E5
https://zenodo.org/record/1326419#.W2WVr62B1E5
http://orcid.org/0000-0001-5722-058X
http://orcid.org/0000-0001-5722-058X
http://orcid.org/0000-0001-5722-058X
https://doi.org/10.1186/1471-2180-10-189
https://doi.org/10.1017/S0007485315000681
https://doi.org/10.1016/j.margen.2015.05.007
https://doi.org/10.1016/j.gene.2011.09.009
https://doi.org/10.1111/mec.14037
https://doi.org/10.1186/s13742-016-0120-y
https://doi.org/10.1098/rsbl.2014.0562
https://doi.org/10.1098/rsbl.2014.0562
https://doi.org/10.1111/2041-210X.12836
https://doi.org/10.1111/2041-210X.12836


Drummond, A. J., Newcomb, R. D., Buckley, T. R., Xie, D., Dopheide, A.,

Potter, B. C. M., … Nelson, N. (2015). Evaluating a multigene envi-

ronmental DNA approach for biodiversity assessment. GigaScience, 4,

46. https://doi.org/10.1186/s13742-015-0086-1

Edgar, R. C. (2010). Search and clustering orders of magnitude faster

than BLAST. Bioinformatics, 26, 2460–2461.
Elbrecht, V., & Leese, F. (2017). Validation and development of COI

metabarcoding primers for freshwater macroinvertebrate bioassess-

ment. Frontiers in Environmental Science, 5, 11.

Elbrecht, V., Taberlet, P., Dejean, T., Valentini, A., Usseglio‐Polatera, P.,
Beisel, J.‐N., … Leese, F. (2016). Testing the potential of a ribosomal

16S marker for DNA metabarcoding of insects. PeerJ, 4, e1966–12.
https://doi.org/10.7717/peerj.1966

Epp, L. S., Boessenkool, S., Bellemain, E. P., Haile, J., Esposito, A., Riaz, T.,

… Brochmann, C. (2012). New environmental metabarcodes for ana-

lysing soil DNA: potential for studying past and present ecosystems.

Molecular Ecology, 21, 1821–1833. https://doi.org/10.1111/j.1365-

294X.2012.05537.x

Ficetola, G. F., Coissac, E., Zundel, S., Riaz, T., Shehzad, W., Bessière, J.,

… Pompanon, F. (2010). An in silico approach for the evaluation of

DNA barcodes. BMC Genomics, 11, 434. https://doi.org/10.1186/

1471-2164-11-434

Folmer, O., Black, M., Hoeh, W., Lutz, R., & Vrijenhoek, R. (1994). DNA

primers for amplification of mitochondrial cytochrome c oxidase sub-

unit I from diverse metazoan invertebrates. Molecular Marine Biology

and Biotechnology, 3, 294–299.
Forbes, A. A., Bagley, R. K., Beer, M. A., Hippee, A. C., & Widmayer, H. A.

(2018). Quantifying the unquantifiable: Why Hymenoptera, not

Coleoptera, is the most speciose animal order. BMC Ecology, 18(1), 21.

Furlan, E. M., Gleeson, D., Hardy, C. M., & Duncan, R. P. (2016). A frame-

work for estimating the sensitivity of eDNA surveys. Molecular Ecol-

ogy Resources, 16, 641–654. https://doi.org/10.1111/1755-0998.

12483

Gibson, J. F., Shokralla, S., Porter, T. M., King, I., van Konynenburg, S.,

Janzen, D. H., … Hajibabaei, M. (2014). Simultaneous assessment of

the macrobiome and microbiome in a bulk sample of tropical arthro-

pods through DNA metasystematics. Proceedings of the National

Academy of Sciences, 111, 8007–8012. https://doi.org/10.1073/pnas.
1406468111

Hajibabaei, M., Shokralla, S., Zhou, X., Singer, G. A. C., & Baird, D. J.

(2011). Environmental barcoding: A next‐generation sequencing

approach for biomonitoring applications using river benthos. PLoS

ONE, 6, e17497–7. https://doi.org/10.1371/journal.pone.0017497
Hajibabaei, M., Smith, M. A., Janzen, D. H., Rodriguez, J. J., Whitfield, J.

B., & Hebert, P. D. N. (2006). A minimalist barcode can identify a

specimen whose DNA is degraded. Molecular Ecology Notes, 6, 959–
964. https://doi.org/10.1111/j.1471-8286.2006.01470.x

Hebert, P. D. N., Cywinska, A., Ball, S. L., & deWaard, J. R. (2003). Biolog-

ical identifications through DNA barcodes. Proceedings of the Royal

Society B: Biological Sciences, 270, 313–321. https://doi.org/10.1098/
rspb.2002.2218

Hebert, P. D. N., Stoeckle, M. Y., Zemlak, T. S., & Francis, C. M. (2004).

Identification of birds through DNA barcodes (Charles Godfray, Ed,).

PLoS Biology, 2, e312–7. https://doi.org/10.1371/journal.pbio.0020312
Hu, Y. O. O., Karlson, B., Charvet, S., & Andersson, A. F. (2016). Diversity

of Pico‐ to Mesoplankton along the 2000 km Salinity Gradient of the

Baltic Sea. Frontiers in Microbiology, 7, 679.

Hugerth, L. W., Muller, E. E., Hu, Y. O., Lebrun, L. A., Roume, H., Lundin,

D., … Andersson, A. F. (2014). Systematic design of 18S rRNA gene

primers for determining eukaryotic diversity in microbial consortia.

PLoS ONE, 9, e95567.

Hugerth, L. W., Wefer, H. A., Lundin, S., Jakobsson, H. E., Lindberg, M.,

Rodin, S., … Andersson, A. F. (2014). DegePrime, a program for

degenerate primer design for broad‐taxonomic‐range PCR in

microbial ecology studies. Applied and Environmental Microbiology, 80,

5116–5123.
Kambhampati, S., & Smith, P. T. (1994). PCR primers for the amplification

of four insect mitochondrial gene fragments. Insect Molecular Biology,

4, 233–236.
Katoh, K., & Standley, D. M. (2013). MAFFT multiple sequence alignment

software version 7: improvements in performance and usability.

Molecular Biology and Evolution, 30, 772–780. https://doi.org/10.

1093/molbev/mst010

Kearse, M., Moir, R., Wilson, A., Stones‐Havas, S., Cheung, M., Sturrock,

S., … Drummond, A. (2012). Geneious Basic: An integrated and

extendable desktop software platform for the organization and analy-

sis of sequence data. Bioinformatics, 28, 1647–1649. https://doi.org/
10.1093/bioinformatics/bts199

Meusnier, I., Singer, G. A. C., Landry, J.‐F., Hickey, D. A., Hebert, P. D. N.,

& Hajibabaei, M. (2008). A universal DNA mini‐barcode for biodiver-

sity analysis. BMC Genomics, 9, 214–224. https://doi.org/10.1186/

1471-2164-9-214

Meyer, C. P., & Paulay, G. (2005). DNA barcoding: Error rates based on

comprehensive sampling. PLoS Biology, 3, e422–10.
Morinière, J., Cancian de Araujo, B., Wai Lam, A., Hausmann, A., Balke,

M., Schmidt, S., … Haszprunar, G. (2016). Species identification in

malaise trap samples by DNA barcoding based on NGS technologies

and a scoring matrix. PLoS One, 11, e0155497. https://doi.org/10.

1371/journal.pone.0155497

Parada, A. E., Needham, D. M., & Fuhrman, J. A. (2016). Every base mat-

ters: Assessing small subunit rRNA primers for marine microbiomes

with mock communities, time series and global field samples. Environ-

mental Microbiology, 18, 1403–1414. https://doi.org/10.1111/1462-

2920.13023

Pawlowski, J., Audic, S., Adl, S., Bass, D., Belbahri, L., Berney, C., … de

Vargas, C. (2012). CBOL protist working group: Barcoding eukaryotic

richness beyond the animal, plant, and fungal kingdoms. PLoS Biology,

10, e1001419.

Port, J. A., O'Donnell, J. L., Romero‐Maraccini, O. C., Leary, P. R., Litvin,

S. Y., Nickols, K. J., … Kelly, R. P. (2015). Assessing vertebrate biodi-

versity in a kelp forest ecosystem using environmental DNA. Molecu-

lar Ecology, 25, 527–541. https://doi.org/10.1111/mec.13481

Rach, J., Bergmann, T., Paknia, O., DeSalle, R., Schierwater, B., & Hadrys,

H. (2017). The marker choice: Unexpected resolving power of an

unexplored CO1 region for layered DNA barcoding approaches. PLoS

ONE, 12, e0174842–14.
Riaz, T., Shehzad, W., Viari, A., Pompanon, F., Taberlet, P., & Coissac, E.

(2011). ecoPrimers: inference of new DNA barcode markers from

whole genome sequence analysis. Nucleic Acids Research, 39, e145.

https://doi.org/10.1093/nar/gkr732

Riaz, T. (2011). Bioinformatics approaches for the assessment of biodi-

versity. PhD thesis, University of Grenoble.

Schoch, C. l., Seifert, K. A., Huhndorf, S., Robert, V., Spouge, J. l., Lev-

esque, C. A., … Schindel, D. (2012). Nuclear ribosomal internal tran-

scribed spacer (ITS) region as a universal DNA barcode marker for

Fungi. Proceedings of the National Academy of Sciences, 109, 6241–
6246. https://doi.org/10.1073/pnas.1117018109

Sevilla, R. G., Diez, A., Norén, M., Mouchel, O., Jérôme, M., Verrez‐bag-
nis, V., … Bautista, J. M. (2007). Primers and polymerase chain

reaction conditions for DNA barcoding teleost fish based on the

mitochondrial cytochrome b and nuclear rhodopsin genes. Molecular

Ecology Notes, 7, 730–734. https://doi.org/10.1111/j.1471-8286.

2007.01863.x

Shaw, J. L. A., Clarke, L. J., Wedderburn, S. D., Barnes, T. C., Weyrich, L.

S., & Cooper, A. (2016). Comparison of environmental DNA metabar-

coding and conventional fish survey methods in a river system. Bio-

logical Conservation, 197, 131–138. https://doi.org/10.1016/j.biocon.
2016.03.010

MARQUINA ET AL. | 103

https://doi.org/10.1186/s13742-015-0086-1
https://doi.org/10.7717/peerj.1966
https://doi.org/10.1111/j.1365-294X.2012.05537.x
https://doi.org/10.1111/j.1365-294X.2012.05537.x
https://doi.org/10.1186/1471-2164-11-434
https://doi.org/10.1186/1471-2164-11-434
https://doi.org/10.1111/1755-0998.12483
https://doi.org/10.1111/1755-0998.12483
https://doi.org/10.1073/pnas.1406468111
https://doi.org/10.1073/pnas.1406468111
https://doi.org/10.1371/journal.pone.0017497
https://doi.org/10.1111/j.1471-8286.2006.01470.x
https://doi.org/10.1098/rspb.2002.2218
https://doi.org/10.1098/rspb.2002.2218
https://doi.org/10.1371/journal.pbio.0020312
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1186/1471-2164-9-214
https://doi.org/10.1186/1471-2164-9-214
https://doi.org/10.1371/journal.pone.0155497
https://doi.org/10.1371/journal.pone.0155497
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.1111/mec.13481
https://doi.org/10.1093/nar/gkr732
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1111/j.1471-8286.2007.01863.x
https://doi.org/10.1111/j.1471-8286.2007.01863.x
https://doi.org/10.1016/j.biocon.2016.03.010
https://doi.org/10.1016/j.biocon.2016.03.010


Simmons, R. B., & Weller, S. J. (2001). Utility and evolution of cyto-

chrome b in insects. Molecular Phylogenetics and Evolution, 20, 196–
210. https://doi.org/10.1006/mpev.2001.0958

Taberlet, P., Coissac, E., Hajibabaei, M., & Riesenberg, L. H. (2012). Envi-

ronmental DNA. Molecular Ecology, 21, 1789–1793. https://doi.org/
10.1111/j.1365-294X.2012.05542.x

Toju, H., & Baba, Y. G. (2018). DNA metabarcoding of spiders, insects,

and springtails for exploring potential linkage between above‐ and

below‐ground food webs. Zoological Letters, 4, 4. https://doi.org/10.

1186/s40851-018-0088-9

Valentini, A., Taberlet, P., Miaud, C., Civade, R., Herder, J., Thomsen, P.

F., … Dejean, T. (2016). Next‐generation monitoring of aquatic biodi-

versity using environmental DNA metabarcoding. Molecular Ecology,

25, 929–942. https://doi.org/10.1111/mec.13428

Vences, M., Thomas, M., Van der Meijden, A., Chiari, Y., & Vieites, D. R.

(2005). Comparative performance of the 16S rRNA gene in DNA bar-

coding of amphibians. Frontiers in Zoology, 2, 5.

Wangensteen, O. S., Palacín, C., Guardiola, M., & Turon, X. (2018). DNA

metabarcoding of littoral hard‐bottom communities: High diversity

and database gaps revealed by two molecular markers. PeerJ, 6,

e4705–30. https://doi.org/10.7717/peerj.4705
Yao, H., Song, J., Liu, C., Luo, K., Han, J., Li, Y., … Chen, S. (2010). Use of

ITS2 region as the universal DNA barcode for plants and animals. PLoS

ONE, 5, e13102–9. https://doi.org/10.1371/journal.pone.0013102
Yu, D. W., Ji, Y., Emerson, B. C., Wang, X., Ye, C., Yang, C., & Ding, Z.

(2012). Biodiversity soup: Metabarcoding of arthropods for rapid

biodiversity assessment and biomonitoring. Methods in Ecology and

Evolution, 3, 613–623. https://doi.org/10.1111/j.2041-210X.2012.

00198.x

Zhou, X., Li, Y., Liu, S., Yang, Q., Su, X. u., Zhou, L., … Huang, Q. (2013).

Ultra‐deep sequencing enables high‐fidelity recovery of biodiversity

for bulk arthropod samples without PCR amplification. GigaScience, 2,

4. https://doi.org/10.1186/2047-217X-2-4

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Marquina D, Andersson AF, Ronquist

F. New mitochondrial primers for metabarcoding of insects,

designed and evaluated using in silico methods. Mol Ecol

Resour. 2019;19:90–104. https://doi.org/10.1111/1755-
0998.12942

104 | MARQUINA ET AL.

https://doi.org/10.1006/mpev.2001.0958
https://doi.org/10.1111/j.1365-294X.2012.05542.x
https://doi.org/10.1111/j.1365-294X.2012.05542.x
https://doi.org/10.1186/s40851-018-0088-9
https://doi.org/10.1186/s40851-018-0088-9
https://doi.org/10.1111/mec.13428
https://doi.org/10.7717/peerj.4705
https://doi.org/10.1371/journal.pone.0013102
https://doi.org/10.1111/j.2041-210X.2012.00198.x
https://doi.org/10.1111/j.2041-210X.2012.00198.x
https://doi.org/10.1186/2047-217X-2-4
https://doi.org/10.1111/1755-0998.12942
https://doi.org/10.1111/1755-0998.12942

