MOLECULAR ECOLOGY

Molecular Ecology Resources (2015) 15, 819-830 doi: 10.1111/1755-0998.12355

Universal and blocking primer mismatches limit the use of
high-throughput DNA sequencing for the quantitative
metabarcoding of arthropods

J. PINOL,*t G. MIR,$§ P. GOMEZ-POLOY and N. AGUSTI

*Universitat Autonoma Barcelona, Cerdanyola del Valles, 08193, Spain, TCREAF, Cerdanyola del Valles, 08193, Spain, {CRAG
CSIC IRTA UAB UB, Cerdanyola del Vallés 08193, Spain, §The Peter MacCallum Cancer Centre, East Melbourne, VIC,
Australia, JIRTA, Carretera de Cabrils, Km. 2, E-08348 Cabrils, Barcelona, Spain

Abstract

The quantification of the biological diversity in environmental samples using high-throughput DNA sequencing is
hindered by the PCR bias caused by variable primer—template mismatches of the individual species. In some dietary
studies, there is the added problem that samples are enriched with predator DNA, so often a predator-specific block-
ing oligonucleotide is used to alleviate the problem. However, specific blocking oligonucleotides could coblock non-
target species to some degree. Here, we accurately estimate the extent of the PCR biases induced by universal and
blocking primers on a mock community prepared with DNA of twelve species of terrestrial arthropods. We also com-
pare universal and blocking primer biases with those induced by variable annealing temperature and number of
PCR cycles. The results show that reads of all species were recovered after PCR enrichment at our control conditions
(no blocking oligonucleotide, 45 °C annealing temperature and 40 cycles) and high-throughput sequencing. They
also show that the four factors considered biased the final proportions of the species to some degree. Among these
factors, the number of primer-template mismatches of each species had a disproportionate effect (up to five orders of
magnitude) on the amplification efficiency. In particular, the number of primer-template mismatches explained most
of the variation (~3/4) in the amplification efficiency of the species. The effect of blocking oligonucleotide concentra-
tion on nontarget species relative abundance was also significant, but less important (below one order of magnitude).
Considering the results reported here, the quantitative potential of the technique is limited, and only qualitative
results (the species list) are reliable, at least when targeting the barcoding COI region.

Keywords: annealing temperature, insects, Ion Torrent, PCR bias, PCR cycles

Received 13 May 2014; revision received 17 November 2014; accepted 21 November 2014

Introduction

High-throughput DNA sequencing techniques are being
increasingly applied to the analysis of biological diver-
sity in environmental samples via the identification of
DNA sequences from heterogeneous mixtures (Steele &
Pires 2011; Taberlet et al. 2012; Carew et al. 2013). These
techniques were originally applied to microbial commu-
nities (e.g. Sogin et al. 2006), but they are now common
in eukaryote organisms as well: fungi (Fouts et al. 2012;
Xu et al. 2012), invertebrates (Porazinska et al. 2009),
plants (Hiiesalu ef al. 2012) and in studies of the diet of
herbivores (Kowalczyk et al. 2011; Raye et al. 2011) and
predators (Deagle et al. 2009; Bohmann et al. 2011; Brown
et al. 2012). These studies are based on the use of the

Correspondence: Josep Pinol, Fax: +34-93-5814151; E-mail: Jo-
sep.Pinol@uab.es

© 2014 John Wiley & Sons Ltd

PCR to amplify DNA of a certain genomic region, fol-
lowed by high-throughput sequencing (Quail ef al. 2012).

One acknowledged shortcoming of this methodology
is that it only provides a qualitative list of species present
in a sample, but not their relative abundances. Restrict-
ing the analysis to a certain genomic region for which
there is ample information in the genetic databases
requires amplifying the DNA of the region of interest,
which is performed via PCR with universal primers for
the taxonomic group of interest. Unfortunately, PCR gen-
erates a well-known bias (Wintzingerode ef al. 1997; Polz
& Cavanaugh 1998; Pinto & Raskin 2012), which is
related to primer—template mismatches and to purely
stochastic effects. As a result, some species increase their
relative abundance, others decrease it, while others are
not amplified and so remain absent in the final
sequenced mixture. However, this well-known PCR bias
has rarely been quantified using heterogeneous samples
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of known composition followed by high-throughput
sequencing of the PCR product. Only a few tests have
been carried out so far in eukaryotes, based on mock
communities in which the identity and the approximate
relative abundance of the species are known (Porazinska
et al. 2009; Amend et al. 2010; Deagle et al. 2013; Egge
et al. 2013; Pochon et al. 2013).

In dietary studies, there is the added problem that
samples (faeces or gut contents) are often enriched with
predator DNA, so the result of the PCR amplification
could be dominated by predator DNA rather than by
prey DNA, especially if prey and predator are phyloge-
netically close (e.g. spiders eating spiders). Sequencing
this PCR product produces a great deal of noninforma-
tive predator reads, reducing the potential of high-
throughput sequencing. To overcome this problem, the
so-called predator-specific blocking oligonucleotides
have been used to reduce amplification of the predator
DNA (Vestheim & Jarman 2008; Deagle et al. 2009, 2010,
2013; Shehzad et al. 2012). However, specific blocking oli-
gonucleotides could block prey DNA to some degree,
along with the targeted predator (Vestheim & Jarman
2008). Thus, the use of predator-specific blocking oligo-
nucleotides may introduce an additional bias in the
analysis of DNA from heterogeneous mixtures. To our
knowledge, the effect of the blocking oligonucleotide
concentration on the amplification efficiency of nontarget
species in the mixture has never been quantified.

The main objective of this study was to measure with
a structured experimental design the PCR bias induced
by universal and blocking primers in a heterogeneous
sample. For this purpose, we prepared a solution with
the same concentration of DNA of several species of ter-
restrial arthropods. Using a pair of universal primers tar-
geting the mitochondrial COI barcoding region, we PCR-
amplified this mock community at different concentra-
tions of a specific blocking oligonucleotide of one of the
species in the mixture. We then sequenced all the PCR
products with a high-throughput sequencing platform
and counted the number of reads of each of the species
in the mixture. Under the null hypothesis of no PCR bias,
we would expect a proportion of 1/n reads for each of
the n species in the mixture, although we anticipated
otherwise. In particular, although we mixed equal
amounts of total DNA, we did not account for differ-
ences in genome size and mtDNA copies across species.

As a secondary objective, using the same structured
experimental design, we wanted to compare the effects
of the annealing temperature and the number of PCR
cycles on the amplification efficiency in relation to the
biases induced by universal and blocking primer mis-
matches. We are aware that the effects of annealing tem-
perature (the higher this is, the more specific the
reaction) and the number of PCR cycles (the higher this

is, the more divergent the final product) are well known
(McPherson & Moller 2006). The key point is the quanti-
tative comparison of the universal primer, blocking oli-
gonucleotide, annealing temperature and PCR cycles
effects in a single experiment to determine which factors
most affect the amplification efficiency (Sipos et al. 2007).

Methods

One adult specimen of each of the following species was
collected in two different localities of northeast Spain: La
Selva del Camp (Tarragona) (Theridion sp. (Araneae: The-
ridiidae), Philodromus cespitum (Walckenaer) (Araneae:
Philodromidae), Phyllocnistis citrella (Stainton) (Lepidop-
tera Gracillaridae), Adalia decempunctata (L.) (Coleoptera:
Coccinellidae), Aphis spiraecola Patch (Hemiptera: Aphid-
idae) and Trichopsocus sp. (Psocoptera: Trichopsocidae);
and El Maresme (Barcelona) (Orius majusculus (Reuter)
and Orius laevigatus (Fieber) (Hemiptera: Anthocoridae),
Episyrphus balteatus (De Geer) (Diptera: Syrphidae), Ma-
crolophus melanotoma (Costa) (Hemiptera: Miridae) and
Entomobrya sp. (Collembola: Entomobryidae). In addi-
tion, the parasitoid Aphidius colemani (Dalman) (Hyme-
noptera: Braconidae) was provided by Biobest N.V.
(Westerlo, Belgium).

DNA was extracted using the DNeasy Tissue Kit
(QIAGEN; Hilden, Germany; protocol for animal tis-
sues). Total DNA was eluted into 100 pL of elution buf-
fer and stored at —20° C. A conventional PCR was run
(using control PCR conditions shown in Table 1) with
the ZBJ-ArtFlc and ZBJ-ArtR2c primers (Zeale et al.
2011) on DNA of each species and the products ran on
agarose gels; all the selected species showed a band at
the expected size. This primer set is known to amplify a
wide range of insect orders (Ephemeroptera, Odonata,
Plecoptera, Orthoptera, Dermaptera, Hemiptera, Neu-
roptera, Lepidoptera, Trichoptera, Diptera, Hymenopter-
a, Coleoptera, Blattodea), spiders and springtails (Zeale
et al. 2011; Clarke et al. 2014; Pinol et al. 2014).

Sanger sequencing and COI sequences

To identify the sequence reads finally obtained with the
universal primers used with the high-throughput DNA
sequencing platform (see below), it was necessary to
know the COI sequences (barcode) of all the species
included in the mixture. To do so, each individual DNA
extract was amplified using a 2720 thermal cycler
(Applied Biosystems, CA, USA). PCR volumes (20 pL)
contained 1.2 uL. of template DNA, 18 pL of Platinum
PCR Supermix High Fidelity (Invitrogen, CA, USA) and
0.4 pL (10 pm) of the primers LCO1490 (5-GGTCAA
CAAATCATAAAGATATTGG-3') and HCO2198 (5'-TA
AACTTCAGGGTGACCAAAAAATCA-3') (Folmer et al.
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Table 1 Variable experimental conditions of the two 10N TOR-
RENT runs. The first chip was devoted to analysing the effect of
the concentration of blocking oligonucleotide and the second to
the effects of annealing temperature and number of cycles. The
concentration of the blocking primer is indicated in proportion
to the concentration of universal primer (i.e. a value of ax indi-
cates that the concentration of blocking primer is o times the
concentration of the universal primer). Please notice that there is
one PCR condition (no blocking primer, 45 °C and 40 cycles;
marked in bold) that appears twice, once in each chip. This con-
dition was used as a reference or control condition

Orius
majusculus Number
blocking Annealing of
oligonucleotide temperature PCR

Chip concentration Q) cycles

1 0x 45 40

1 1x 45 40

1 2x 45 40

1 5x 45 40

1 10x 45 40

1 20x 45 40

1 40x 45 40

2 0x 40 40

2 0x 45 40

2 0x 50 40

2 0x 55 40

2 0x 45 25

2 0x 45 30

2 0x 45 35

1994). Samples were amplified for 35 cycles at 94° C for
30 s; 45° C for 45 s; and 68° C for 90 s. A denaturation
cycle of 94° C for 10 s started the PCR, and the reaction
was terminated with a final extension at 68° C for
10 min. Target DNA and water were included as posi-
tive and negative controls, respectively. PCR products
were purified using the QIA-quick PCR Purification Kit
(Qiagen) and sequenced in both directions on an ABI
3730 automated sequencer (Applied Biosystems) using
the Big Dye version 3 sequencing kit. The chromato-
grams were inspected and edited using GENEIOUS version
6.1.7 created by Biomatters (available from http://www.
geneious.com/). Only eleven of twelve samples (all
except Entomobrya sp.) were successfully sequenced.

We counted the number of primer—template mis-
matches between the Zeale et al. (2011) universal primers
and the Sanger sequences of the eleven species. The
results are given separately for the forward and reverse
primers and for the three 3’ terminal bases of each primer
and for the entire primer. However, it has only been possi-
ble to analyse 21 bases of the forward primer because the
first nine overlap the Folmer’s primer (Folmer et al. 1994)
used to amplify the barcoding region of these species.

© 2014 John Wiley & Sons Ltd

Mock sample preparation and high-throughput DNA
sequencing

The amount of DNA in each of the above twelve extracts
described in the previous section was quantified using
Qubit® 2.0 Fluorometer (dsDNA HS Assay, Life Technol-
ogies) and PicoGreen (Quant-iT™ PicoGeen® dsDNA
Assay Kit, Life Technologies). After that, a mock sample
was prepared for the high-throughput sequencing using
5 ng of each individual extraction.

We prepared the samples for high-throughput DNA
sequencing with fusion primers, following the 10N TOR-
RENT recommendations for unidirectional sequencing.
Briefly, one pair of primers was designed with the 1on
TORRENT primer A linked to the specific forward primer
and the 10N TORRENT primer trP1 linked to the specific
reverse primer. Here, the specific primer set refers to the
primers ZBJ-ArtFlc (5-AGATATTGGAACWTTATATTT
TATTTTTGG-3') and ZBJ-ArtR2c (5-WACTAATCAATT
WCCAAATCCTCC-3') (Zeale et al. 2011), which amplify
a 157-bp COI fragment. To test the effect of different
PCR conditions on our mock sample, we used seven dif-
ferent indexed versions of the forward fusion primer to
allow multiplexing of up to seven samples in an individ-
ual sequencing run. All PCR products were purified
using the QIA-quick PCR Purification Kit (Qiagen) and
checked separately (DNA 1000 kit, Bioanalyzer 2100, Ag-
ilent Technologies). We selected fragments of the
expected size (E-Gel® Size Select 2% Agarose Gel, Life
Technologies), quantified the size-selected DNA (DNA
High Sensitivity kit, Bioanalyzer 2100, Agilent Technolo-
gies) and prepared an equimolar pool of the seven PCR
products. We then diluted, amplified (emulsion PCR, Ion
OneTouch™ 200 Template Kit v2 DL, Ion Torrent, Life
Technologies) and sequenced this pool on an ION TORRENT
PGM platform, as described by the manufacturer (Ion
Torrent, Life Technologies). We used two I1ON TORRENT 314
chips, with the sequencing chemistry for 300 bp read
length and the version 2.2 of the TORRENT SUITE software
for base calling.

First chip — effect of the blocking oligonucleotide
concentration

We used the blocking oligonucleotide BloOm2 (5-TATATT
TTATTTTTGGGATATGAGCAGGAATAC-3'-C3) devel-
oped to block the amplification of O. majusculus with the
Zeale primers (P. Gomez-Polo & N. Agusti, unpublished
results). The C3 spacer at the 3’ end of the oligonucleo-
tide inhibits the elongation by the Taq polymerase. This
blocking oligonucleotide competes with the universal
primer for the priming sites of the DNA template, so the
final number of reads of O. majusculus depends on the
ratio of blocking to universal primer concentrations. We
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tested the effect of the blocking oligonucleotide at seven
different concentrations: 0x (control; no blocking oligo-
nucleotide), 1x, 2x, 5%, 10x, 20x and 40x (where ax indi-
cates that the concentration of blocking oligonucleotide
is o times the concentration of the universal primer;
Table 1, chip one). In all cases, the DNA was amplified
in 50 pL reaction volumes containing 3 pL of template
DNA, 45 pL of Platinum PCR Supermix High Fidelity
(Invitrogen Corporation) and 1 pL of each pair of 10 um
fusion primers. Each of the 40 PCR cycles consisted of
94 °C for 30 s, 45 °C for 45 s and 68 °C for 45 s following
an initial denaturation step at 94 °C for 5 min and before
a final extension step at 68 °C for 10 min.

Second chip — effects of the annealing temperature and
the number of PCR cycles

In a second 10N TORRENT 314 chip, we tested the effects of
the annealing temperature and the number of PCR cycles
on the amplification efficiency of the DNA of the species
in the mixture. We tested four different annealing tem-
peratures (40, 45, 50 and 55 °C) and four different num-
ber of PCR cycles (25, 30, 35 and 40 cycles). The
remaining conditions were the same as in the previous
experiment, with no blocking oligonucleotide (Table 1,
chip two).

Processing and analysis of data

The output of the 10N TORRENT was treated bioinformati-
cally to ascertain how many reads of each species were
obtained in each experimental condition. The ION TORRENT
software itself separated into individual FASTQ files the
reads corresponding to each experimental condition
(Table 1), taking advantage of the index included in the
forward fusion primers. All subsequent analyses were
carried out in parallel with the 14 files corresponding to
each experimental situation.

First of all, we eliminated the primer sequence from
the 5" end of each read using TagCleaner (Schmieder
et al. 2011). We then trimmed (truncated to 150 bp at the
3’ end), discarded those with a mean quality score lower
than 25 and downloaded the sequences in FASTA format
(all using PRINSEQ, Schmieder & Edwards 2011). Each
FASTA file was locally blasted (blastn; Zhang et al. 2000)
against a database containing the sequences of the COI
region of the eleven species for which we obtained their
DNA barcode. We imported the output from the BLAST
alignment into MEGAN version 4.70.4 (MEtaGenomics
ANalyzer; Huson et al. 2011) to count the number of
reads of each species analysed. The selected MEGAN
parameters were as follows: Min Support =1, Min
Score = 100.0; Top Percentage = 1.0; Win Score = 0: Min
Complexity = 0.44.

As we did not obtain a good Sanger sequence of the
COI region for the collembolan (Enfomobrya sp.), we
tried to identify any sequences in the output files that
could belong to this species using the following
method. First, we downloaded as FASTA files the
sequences with no hits from MEGAN. Then, we cre-
ated a database containing all quality sequences of En-
tomobryidae from GenBank (188 sequences; search:
Entomobryidae [Organism] AND COI [Gene Name]
AND Barcode[Keyword]; accessed on 30 July 2014).
Finally, we locally blasted the files containing the ‘No
hit" sequences against this Entomobryidae database
and counted the number of sequences that produced a
hit above 80% of similarity. As the blasted reads did
not match any of the other eleven species, we assumed
that all the hits at this low level of similarity belonged
to the collembolan that we introduced in the mock
sample.

Regression and correlation analyses were conducted
with respect to the number of primer mismatches with
the number of reads of each species using r version 2.15
(R Core Team 2012). The effect of blocking oligonucleo-
tide concentration on the relative abundance of nontarget
species was tested with the same software package with
a general linear model with a binomial error structure
and logit link.

Results

All species except Entomobrya sp. were amplified using
LCO1490/HCO2198 primers. The obtained Sanger
sequences were submitted to GenBank (Accession nos
shown in Table 2).

High-throughput DNA sequencing

The first chip produced 108158 + 3123 (mean =+ SE)
raw reads per experimental condition; 71.8 + 1.1% of
them passed the quality control and 88.9 + 1.4% of
them produced a hit to one of the species included in
the mixture. In summary, we obtained 69082 + 2144
reads per experimental condition, which allowed us to
test the effect of the blocking oligonucleotide concen-
tration on the amplification efficiency of the individual
species.

The second chip produced 72775 + 8179 raw reads
per experimental condition; 58.2 + 2.2% of them passed
the quality control and 95.7 &+ 1.0% of them produced a
hit to one of the species of the mixture. In summary, we
obtained 40512 + 3690 reads per experimental condition
to test the effect of the annealing temperature and of the
number of PCR cycles on the amplification efficiency of
the individual species (see Table S1, Supporting informa-
tion for details).

© 2014 John Wiley & Sons Ltd
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Table 2 Number of template-primer mismatches between the Zeale et al. (2011) universal primers and the sequences of the eleven
studied species. The results are given separately for the forward and reverse primers and for their sum and for the three 3’ terminal
bases (3 bases) of the primer and for the entire primer length (entire; this value includes the number of mismatches in the 3 terminal
bases). The alignments are given fully in Table S1 (Supporting information). The GenBank Accession no. corresponds to the Sanger

sequence obtained in the present study

GenBank
Accessionno. 3 bases Entire 3bases Entire 3bases Entire

Order Family Species

Forward primer  Reverse primer Both primers

Araneae Theridiidae

Lepidoptera Gracillaridae
Coleoptera Coccinellidae
Diptera Syrphidae
Hymenoptera  Braconidae
Hemiptera Anthocoridae
Hemiptera Anthocoridae
Hemiptera Miridae
Hemiptera Aphididae
Psocoptera

Theridion sp. KJ467508
Araneae Philodromidae  Philodromus cespitum KJ467506
Phyllocnistis citrella KJ467507
Adalia decempunctata KJ467504
Episyrphus balteatus KJ467502
Aphidius colemani KJ467503
Orius majusculus KJ467501
Orius laevigatus KJ467500
Macrolophus melanotoma  KJ467499
Aphis spiraecola KJ467505
Trichopsocidae  Trichopsocus clarus KJ467509

OO R OO O R OO O =
ON WrR =, =) BRNND~R O
O R P OO OO oo~
— N WO =R PP, OOONN
=R R, NN R NN WX

O RPr NODODORFR OO ~,DN

Differential amplification of the species

If the template concentration of the species in the mix-
ture (n = 12) was the same and they were amplified with
the same efficiency, the expected proportion of reads
should be approximately 1/12 (~0.08). Using the two
control runs (no blocking oligonucleotide, annealing
temperature of 45 °C and 40 PCR cycles; Table 1), results
showed that only six species had a frequency close to the
expected value (within one order of magnitude): P. citrel-
la, A. decempunctata, A. colemani, O. majusculus, O. laevig-
atus and T. clarus (Fig. 1). Five species amplified with an
efficiency 2-3 orders of magnitude lower: Philodromus
sp., E. balteatus, M. melanotoma, A. spiraecola and Entomo-
brya sp. Finally, the spider Theridion sp. amplified with
an even lower efficiency.

The number of template-primer mismatches
explained quite well the differential amplification of
the species (the comparison was limited to eleven
species, as we did not obtain the Sanger sequence of
Entomobrya sp.). The six species with stronger amplifi-
cation had no mismatches in any of the three bases
at the 3’ end of both the forward and reverse primers
(Fig. 2b). Three of the four species with an intermedi-
ate amplification efficiency had one mismatch, and
two species (M. melanotoma and Theridion) had two
mismatches in these terminal regions (one in the for-
ward primer and one in the reverse). If the entire
sequence of the primers is considered (Fig. 2a), the
species with the higher amplification efficiency had
one or two mismatches; those with intermediate
amplification efficiency had three to six mismatches
(M. melanotoma had four mismatches), and Theridion
had eight mismatches (Table S2, Supporting informa-

© 2014 John Wiley & Sons Ltd
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Fig. 1 Proportion of reads of the twelve species present in the
mixture in two control ION TORRENT runs. Vertical bars indicate
the standard error. PCR conditions: no blocking primer, anneal-
ing temperature 45 °C, 40 cycles. The horizontal line indicates
the expected proportion of reads (=1/12) if all species are ampli-
fied with the same efficiency.

tion). In summary, the total number of mismatches
between both primers (forward + reverse; Table 2)
and the sequence of each species explained 73% of
the variation of the proportion of reads (Fig. 2a). The
number of mismatches between the 3 end (three
bases) of both primers (forward + reverse; Table 2)
and the DNA sequence of each species performed
even better, as it explained 81% of the variation of
the proportion of reads (Fig. 2b).
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Fig. 2 (a) Relationship between the proportion of reads in an 10N TORRENT run and the total number of mismatches between the two
primers and the corresponding region of each species (equation: log;o(y) = —0.25 —0.61 x, r* = 0.73, F1 o = 24.35, P = 0.0008) (b) The
same relationship but only counting the number of mismatches between the last 3 bases of the 3’ end of the primers (considering both
the forward and reverse primers) and the priming site of the species (equation: logo(y) = —1.09 —1.73 x, * = 0.81, F; 4 = 38.24,
P =0.0002). The priming sites of each species were obtained by Sanger sequencing of the COI region. Each proportion is the mean value
of two independent PCRs and sequencing runs; vertical bars indicate the SE.
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Fig. 3 (a) Effect of the concentration of the blocking primer on the proportion of the Orius majusculus reads in an 10N TORRENT run. The
concentration of blocking primer is reported as the proportion of the concentration of O. majusculus blocking primer over the concentra-
tion of the universal primer (i.e. 10x means that the concentration of blocking primers was ten times higher than the concentration of
the universal primer). (b) The same plot, but using the inverse of the value of the A plot in the x-axis. In this diagram, the value with no
blocking primer (0x) is not represented because it is not possible to compute the inverse of zero. The values follow very closely a linear
trend (¥ = 0.999, P < 0.001), suggesting that the blocking primer competes for the active site of the polymerase (the priming site), a

characteristic of the enzymatic allosteric inhibition. Other PCR conditions are described in Table 1.

Effect of the blocking oligonucleotide concentration

As expected, the proportion of O. majusculus reads
decreased with the concentration of the blocking oligo-
nucleotide, which was designed for this target species
(Fig. 3a). At the highest concentration of blocking oligo-
nucleotide (40x), some reads of O. majusculus were still
found (0.03%, i.e. a reduction of ca. 300 times compared
with nonblocking oligonucleotide). The relationship
between blocking oligonucleotide concentration and the
proportion of reads became linear after the inverse trans-
formation of the concentration (Fig. 3b).

With the exception of M. melanotoma, absent at the
highest blocking oligonucleotide concentration (40x), all

the species were detected irrespectively of the blocking
oligonucleotide concentration. However, the presence
of the blocking oligonucleotide modified the propor-
tion of reads of most nontarget species (Fig. 4). Aphidi-
us colemani, M. melatonoma and O. laevigatus were
significantly coblocked by the O. majusculus blocking
oligonucleotide, so they decreased their abundance at
high concentrations of the blocking oligonucleotide
(Table 3). On the contrary, P. citrella, A. decempunctata,
E. balteatus, A. spiraecola and T. clarus significantly
increased their relative abundance with increasing con-
centrations of blocking oligonucleotide. The effect was
particularly remarkable for P. citrella (3.4 times increase
from Ox to 40x), A. decempunctata (4.0 times increase),
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@ Phyllocnistis B 0. Jaevigatus & Theridion W Macrolophus Fig. 4 The effect of the blOCking primer
O Adalia B Trichopsocus O Philodromus W Aphis concentration on the proportion of
W Aphidius W Episyrphus W Entomobrya . .
1 ‘ T T T 0003 - - : - ; sequences obtained in an ION TORRENT run
’ with all nontarget species (all except Orius
0.8 majusculus). (a) Well-amplified species
[2] %) . re .
g b and (b) poorly amplified species.
S 6 g 0.002
B G
S 5
5 04 £
8 S
8 S 0.001
& o
0.2 o
0 0
0 1 2 5 10 20 40 0 1 2 5 10 20 40
Blocking oligo : universal primer Blocking oligo : universal primer

Table 3 Summary of the general linear model for the effect of the blocking oligonucleotide concentration on the proportion of reads of
nontarget species (expressed as the proportion blocking oligonucleotide: universal primer). The table contains the estimate of the coeffi-
cient of the model, its standard error, the statistic z and its statistical significance (P-value). If a conservative table-wide Bonferroni cor-
rection is applied, P-values below (0.05/11 = 0.0045) indicate a statistical significant effect of the blocking oligonucleotide concentration
on the proportion of reads of that species (in bold)

Species Coefficient St error z-value P-value
Macrolophus melanotoma -0.173 0.026 —6.63 3410 M
Aphidius colemani —0.090 0.0005 -193 <2107
Entomobrya sp. —0.007 0.007 -1.03 0.30
Orius laevigatus —0.001 0.0003 —-36.9 <2107
Philodromus cespitum 0.003 0.006 0.46 0.65
Trichopsocus clarus 0.005 0.0005 10.4 <2101
Episyrphus balteatus 0.013 0.004 2.99 0.003
Apbhis spiraecola 0.025 0.003 8.87 <2107
Theridion sp. 0.028 0.012 2.39 0.02
Phyllocnistis citrella 0.031 0.0003 114 <2107
Adalia decempunctata 0.039 0.0002 162 <210
A. colemani (8.7 times decrease) and M. melatonoma (0 sure of the effect of the blocking oligonucleotide)
reads at 40x). Finally, Theridion sp., Philodromus sp. and against the number of mismatches between the block-
Entomobrya sp. relative abundance were not signifi- ing oligonucleotide and the priming site of each spe-
cantly related to the blocking oligonucleotide concen- cies was nonsignificant (¥ = 0.24; Fyg =250,
tration. P =0.15).

The explanatory power of the mismatches between

the blocking ohgonucle.zotlde and the priming site .of Effect of the annealing temperature
the ten nontarget species was weak. The two species

more similar to the blocking primer of O. majusculus As expected, the main effect of increasing the annealing
(A. colemani and M. melanotoma; four mismatches each; temperature in the PCR was to increase the specificity of
Table 4) were also those more negatively affected by the universal primer. Consequently, the number of spe-
the presence of the blocking oligonucleotide (Fig. 4). cies amplified at 40 and 45 °C was higher (twelve spe-
The third most similar species (O. laevigatus; five mis- cies) than at 50 and 55 °C (seven species) (Fig. 5a,b). At
matches) was also significantly coblocked, albeit with 50 and 55 °C, there was not a single read of Theridion sp.,
a very low effect (Table 3). It is worth noticing that Philodromus sp., E. balteatus, M. melanotoma or Entomo-
all ten nontarget species had a mismatch at the resi- brya sp. Aphis spiraecola also reduced its amplification
due just before the C-3 spacer, but only in the three efficiency (Fig. 5b). It is worth remembering that these
species significantly coblocked, that residue was a ‘T’ species had the most mismatches with the universal
(Table 4). However, the overall regression between primer used here (Table S2, Supporting information). In
the proportion of reads at 40x to reads at Ox (a mea- the well-amplified species (Fig. 5a), O. laevigatus and
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1 10 20 30
| \ \ I

Orius majusculus
Blocking oligo
Macrolophus melanotoma
Aphidius colemani
Orius laevigatus
Philodromus cespitum
Trichopsocus clarus
Episyrphus balteatus
Aphis spiraecola
Theridion sp.
Phyllocnistis citrella
Adalia decempunctata

TATATTTTATTTTTGGGATATGAGCAGGAATAC
TATATTTTATTTTTGGGATATGAGCAGGAATAC
TATATTTTATHTTHGGGATATGEGCAGGRATAR
TATATTTTATTTTTGGHATATGAfiCAGGHATAR
TATATTTEATTTTTGGEATATGEGCAGGHATAR

TATATTTEATTTTTGCHEBEMTGAGCAGEAATAR

TATATTTTATTTTTGGGHTHTCACCECCEEHlE

TATATTTTETETTECCREEETcAGClccAATAR

TATATTTTHTETTTGClATHTCABCAGGAATAR
T@raTTTRETETTECcHEEEETcAcCHcEEATAE
TATATTTTETETTTGGEATHTGAfcAGGRATAR
TATATTTTHTETTTCcE@TATCBGCAGCHATAR

O Phyllocnistis
O Adalia
W Aphidius

B O. majusculus
O. laevigatus
B Trichopsocus

T

Proportion of reads

40 45

Annealing temperature (°C)

50 55

Proportion of reads

25 30
Number of PCR cycles

35 40

@ Theridion B Macrolophus
O Philodromus W Aphis
W Episyrphus B Entomobrya
(b)
0.004 | 1
[2]
el
3 0.003
S
S
£ 0.002
9]
Q.
o
o 0.001
0
40 45 50 55
Annealing temperature (°C)
0.005
0.004
(2}
el
©
o
« 0.003
5}
c
kel
5 0.002
Q.
o
& 0.001

25 30 35 40
Number of PCR cycles

Table 4 Alignment of the blocking pri-
mer BloOm2 of Orius majusculus with the
ten other nontarget species of arthropods
considered in this study. The mismatches
between the blocking primer and the
priming regions of the sequences of each
species are highlighted

Fig. 5 The effect of the annealing temper-
ature (Up) and number of PCR cycles
(Down) on the proportion of reads in an
ION TORRENT run. All 12 species are
included: well-amplified species (a, ¢) and
poorly amplified species (b, d). PCR con-
ditions: no blocking primer, 40 cycles,
annealing temperature as indicated (a, b);
no blocking primer, PCR cycles as indi-
cated, annealing temperature 45 °C (c, d).

T. clarus increased their proportion of reads at 55 °C.
These two species matched the primer sequence most
closely (only one mismatch).

Effect of the number of PCR cycles

In comparison with the effect of the annealing tempera-
ture, the effect of the number of cycles was not so drastic,

as all the species were present under all the experimental
conditions. There was a slight increase in the standard
deviation of the percentage of reads of each species, from
11% at 25 and 30 cycles to 13% at 35 cycles and 14% at 40
cycles. The main consequence of increasing the number
of PCR cycles was a reduction in the proportion of the
less well-amplified species in the final mixture as the
number of cycles increased (Fig. 5d).
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Discussion

The four factors analysed in the present study (universal
primer—template mismatches, blocking oligonucleotide
concentration, annealing temperature and number of
PCR cycles) had the expected effect on the final propor-
tion of individual species in the mixture. However, the
number of mismatches between the universal primers
and the priming region of each species had a dispropor-
tionate effect (up to 5 orders of magnitude) on the ampli-
fication efficiency and, consequently, on the number of
reads finally obtained.

Amplification efficiency and primer mismatches

All twelve species of arthropods in the mock community
were detected with the control PCR conditions (Table 1),
so the method provides excellent results from a qualita-
tive point of view (Yu et al. 2012). However, the relative
proportions of each species (all at the same initial con-
centration in the mock sample) were not reproduced at
all: in the control conditions, the number of reads of six
species comprised more than 99.5% of the total (thou-
sands to tens of thousands reads for each species), five
species were much less represented in the final mixture
(tens of reads), and one species appeared only as a single
read (Fig. 1). Considering these results, it is clear that the
method provided a very poor quantitative description of
the mock community. Similar results have been reported
by other authors: Porazinska et al. (2009, 2010) using an
artificial mixture of nematodes; Egge et al. (2013) using a
mock community of eleven species of haptophytes; and
Deagle ef al. (2013) using captive seals fed with a diet of
three fish species. The only two studies that reported a
significant relationship between biomass and number of
reads recovered are Hiiesalu et al. (2012) and Kelly et al.
(2014), but in both experiments, the number of species
was very low (two to five plant and four fish species,
respectively). The most parsimonious explanation of the
differential amplification of the different species in the
mixture comes from the number of mismatches between
the universal primer used and the priming site of each
species. This single factor explains ~3/4 of the amplifica-
tion efficiency of the individual species. The rest of the
variation has to be caused by other factors not consid-
ered in the present study.

Among the unaccounted factors of variation, a vari-
able mtDNA copy number and genome size across spe-
cies deserve special attention. These two factors must
affect the final results as we prepared the mock sample
by standardizing by the total DNA concentration of the
twelve species (which include both genomic and mito-
chondrial DNA). The Animal Genome Database (Greg-
ory 2014) provides the genome size of 817 species

© 2014 John Wiley & Sons Ltd

corresponding to the arthropoda orders considered in
this study (Table 1); the 90% confidence interval of the
genome size for these 817 species was 0.16-2.75 (mea-
sured as the c-value). This is a ~17-fold variation on gen-
ome size across species, much lower than the
amplification bias we describe here that spans five
orders of magnitude (Fig. 1). The mtDNA copy number
must also play a role, but we are not aware of any reli-
able data of this variable across arthropod species. Nev-
ertheless, it is worth keeping in mind that ~3/4 of the
variance was already explained by template-primer mis-
matches and that, in consequence, only ~1/4 of the vari-
ance was not accounted for (mtDNA copy number,
genome size, etc.). Although no further considered here,
it is worth mentioning that part of the unexplained vari-
ance might be caused by the type of nucleotide mis-
match (Kwok et al. 1990), by the short primer tags used
to identify individual samples (Deagle et al. 2013), and
even by the quality filtering in the bioinformatic pipeline
(Deagle et al. 2013).

The reported results could be the consequence of a
poor performance of the selected universal primer (Zeale
et al. 2011). Considering all eleven species and both the
forward and reverse primers, there were 3.2 £ 0.7 mis-
matches (mean + SE), with a range from 1 to 8 total mis-
matches (Table 1). Leray et al. (2013) recently proposed a
new general primer set targeting a 313-bp region within
the same COI region. This primer set had 1.8 4 0.1 mis-
matches with the template of 99 species of arthropods
(range 0 to 5 mismatches). In this respect, this primer set
(or the ones proposed by Clarke et al. 2014) could be a
better choice than the one used here, but, even so, there
is a wide range of variation in the number of mismatches
and, presumably, in the differential amplification of spe-
cies in a heterogeneous sample. In contrast, another pro-
posed general primer for the COI region in animals, the
mini-barcode set (Meusnier et al. 2008), has many more
mismatches with the priming region of the eleven spe-
cies studied here (5.3 + 0.5 mismatches, and this only in
the reverse primer, as the forward one lies almost totally
outside the standard barcoding region and could not be
checked; Table S3, Supporting information). Clarke et al.
(2014) reported a rather poor performance of the mini-
barcode primer set in comparison with the one used
here.

Effect of the blocking oligonucleotide concentration

The strong bias induced by the universal primer mis-
matches discussed above may be extended conceptually
to blocking oligonucleotides as well (Pinol et al. 2014).
Species with a more similar sequence to the targeted
species (= to the designed blocking oligonucleotide)
could eventually be also blocked during their PCR
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amplification. Here, we found a significant coblocking
effect on three of the eleven nontarget species tested, and
probably as a consequence, five species increased their
relative abundance with the blocking oligonucleotide
concentration (Fig. 4; Table 3). When there was either a
decrease or an increase in relative abundance, the effect
was of a much lower magnitude than the effect observed
with the universal primers: only one of the eleven non-
target species was totally coblocked at the highest block-
ing oligonucleotide concentration, and the general effect
was within one order of magnitude range. Two of the co-
blocked species belonged to the same superfamily than
the targeted species (Hemiptera: Cimicoidea), but the
third Hemipteran tested was not coblocked at all (A. spir-
aecola) and the third coblocked species was an Hymenop-
teran (A. colemani).

The relationship between the number and type of
mismatches of the blocking oligonucleotide and the
priming sites of the species was not as straightforward to
understand as in the case of the universal primer. The
three coblocked species shared two common characteris-
tics: the lowest number of mismatches with the blocking
oligonucleotide and a “T” residue at the 3’ position (Kwok
et al. 1990). These two observations could be useful for
the design of specific blocking oligonucleotides in the
future.

Effects of annealing temperature and of the number of
PCR cycles

Our results as regards the effects of the annealing tem-
perature and the number of cycles on the relative propor-
tion of the species in the final mixture confirmed our
expectations (Sipos et al. 2007). A low annealing temper-
ature reduced the specificity of the primer and increased
the range of the species amplified in the PCR. To amplify
as many species as possible, it is advisable to reduce the
annealing temperature as much as possible without
inducing artefacts by amplifying other genomic regions.
The lowest temperature tested in the present study was
40 °C, which did not produce amplification artefacts.
The effect of the number of cycles was less important
compared to the effect of the annealing temperature.
Increasing the number of PCR cycles decreased the num-
ber of reads of the worst amplified species in the mix-
ture. So, provided enough DNA can be obtained to fulfil
the requirements of the high-throughput sequencing lab-
oratory, it is advisable to reduce the number of PCR
cycles as much as possible (Polz & Cavanaugh 1998).
This recommendation is especially important in environ-
mental, more diverse samples with distinct species at
very different concentrations, in contrast to our mock
sample where all the species were at the same concentra-
tion.

Is it possible to provide quantitative results?

In our mock sample, the DNA of all the species was ini-
tially present at the same concentration (before PCR
amplification), but the final results showed that the reads
of some species were five orders of magnitude more
abundant than others. Most of this bias was a direct con-
sequence of the mismatch between the universal primer
and the priming sites within the sequences of each spe-
cies. It could be argued that this problem could be allevi-
ated using ‘truly’ universal primers. For instance, Leray
et al. (2013) and Clarke ef al. (2014) have recently pro-
posed new universal primers sets (targeting the mito-
chondrial COI and 16S, respectively) that could
eventually work better than the ones used here. How-
ever, even these promising new primer sets have a vari-
able number of mismatches across species: Leray et al.
(2013) primer set has 0-5 mismatches in 99 species of ar-
thropods, and some species could not be amplified at all;
and Clarke et al. (2014) allowed 0-2 mismatches per pri-
mer in their design (i.e. 0—4 mismatches per primer pair),
and also some species could not be amplified. Some
authors maintain that the quest for the ‘truly’ universal
primer set is futile and that no such thing exists for
diversified groups of organisms (Forney et al. 2004).
Even if a primer pair was able to amplify all arthropod
species, that would not solve the problem of differential
amplification unless the number of mismatches was the
same for all the species in the mixture, and this is cer-
tainly unrealistic.

To be fair, explicit quantitative proportions of species
using high-throughput DNA sequencing after PCR
amplification with universal primers are rarely reported
(Soininen et al. 2009). The discussion of many studies
contains a paragraph advising against that ‘temptation’
(i.e. Valentini et al. 2009; Shehzad et al. 2012; Yu et al.
2012). However, many researchers, including ourselves
(Pinol et al. 2014), have reported the numbers of reads of
each individual species in the final mixture (Sogin et al.
2006; Hiiesalu ef al. 2012), implicitly implying that these
figures have some quantitative value. However, the
results presented here and elsewhere (i.e. Porazinska
et al. 2009; Egge et al. 2013) showed otherwise, and we
discourage such a practice and suggest limiting the pre-
sentation of results to a list of species or OTUs (Bohmann
et al. 2011; De Barba et al. 2014), at least when working
with the barcoding COI region. It remains to be seen if
this limitation also applies to more conserved genomic
regions like the mitochondrial 16S (Clarke et al. 2104).

The quantitative potential of the reported technique is
limited because of the PCR step conducted on a hetero-
geneous mixture. We see no other way to use high-
throughput sequencing platforms for quantitative biodi-
versity assessment than to circumvent the PCR step, that
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is, to directly sequence the DNA extracted from the sam-
ple (Taberlet et al. 2012; Yu et al. 2012). The present con-
tribution  joins  several metabarcoding  studies
considering similar issues and already heading in this
direction (Shehzad et al. 2012; Yu et al. 2012; Zhou et al.
2013; Clarke et al. 2014). In line with them, we would like
to finish by highlighting what we think are our main
contributions. First, we quantified for the first time the
effect of blocking oligonucleotide concentration on non-
target species relative abundances and showed that it
affected most species but to a limited degree (i.e. less
than one order of magnitude). Second, albeit being “‘pub-
lic knowledge” that universal primers bias the amplifica-
tion efficiency of different species in heterogeneous DNA
mixtures, we precisely showed that it spans 5 orders of
magnitude and that most of the variance (~3/4) can be
explained by the number of primer—template mis-
matches.
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