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Abstract

Understanding interactions between herbivores and parasitoids is essential for successful

biodiversity protection and monitoring and for biological pest control. Morphological identifi-

cations employ insect rearing and are complicated by insects’ high diversity and crypsis.

DNA barcoding has been successfully used in studies of host–parasitoid interactions as it

can substantially increase the recovered real host–parasitoid diversity distorted by over-

looked species complexes, or by species with slight morphological differences. However,

this approach does not allow the simultaneous detection and identification of host(s) and

parasitoid(s). Recently, high-throughput sequencing has shown high potential for surveying

ecological communities and trophic interactions. Using mock samples comprising insect lar-

vae and their parasitoids, we tested the potential of DNA metabarcoding for identifying indi-

viduals involved in host–parasitoid interactions to different taxonomic levels, and compared

it to standard DNA barcoding and morphological approaches. For DNA metabarcoding, we

targeted the standard barcoding marker cytochrome oxidase subunit I using highly degener-

ate primers, 2*300 bp sequencing on a MiSeq platform, and RTAX classification using

paired-end reads. Additionally, using a large host–parasitoid dataset from a Central Euro-

pean floodplain forest, we assess the completeness and usability of a local reference library

by confronting the number of Barcoding Index Numbers obtained by standard barcoding

with the number of morphotypes. Overall, metabarcoding recovery was high, identifying

92.8% of the taxa present in mock samples, and identification success within individual taxo-

nomic levels did not significantly differ among metabarcoding, standard barcoding, and mor-

phology. Based on the current local reference library, 39.4% parasitoid and 90.7% host taxa

were identified to the species level. DNA barcoding estimated higher parasitoid diversity

than morphotyping, especially in groups with high level of crypsis. This study suggests the

PLOS ONE | https://doi.org/10.1371/journal.pone.0187803 December 13, 2017 1 / 18

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS
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potential of metabarcoding for effectively recovering host–parasitoid diversity, together with

more accurate identifications obtained from building reliable and comprehensive reference

libraries, especially for parasitoids.

Introduction

Parasitoids constitute a major component of global insect diversity and play important ecologi-

cal roles, such as influencing the population dynamics of their hosts, contributing to the ecologi-

cal stability and biological diversity of terrestrial ecosystems [1, 2]. Tritrophic interactions

involving plants, herbivores, and parasitoids are thus crucial for ecological and evolutionary

processes such as specialization and species diversification [3, 4]. Monitoring of ecological net-

works can help to determine the impact of environmental changes on ecosystem, and is essential

for successful habitat management and restoration [5, 6]. Fast and cheap monitoring of species

diversity and trophic interactions is also crucial for sustaining the productivity of agroecosys-

tems [7]. Unfortunately, reconstructions of the above mentioned tritrophic interactions are still

complicated, mainly due to the enormous amount of biological material to be processed [8].

Moreover, research on parasitoids’ biology, host specificity, and species richness is itself chal-

lenging because of their diversity, concealed nature, and ephemeral occurrence of adults [9].

Previous studies on host–parasitoid interactions were primarily based on insect rearing in

combination with dissections, which are technically demanding and time-consuming. Tradi-

tionally used morphological identification of parasitoids is very difficult due to their diversity,

intraspecific morphological plasticity, and complex life cycles [2, 10, 11]. Furthermore, mor-

phological approach fails to reveal cryptic species, which are frequently present and have

extraordinary host specificity, therefore leading to an underestimation of trophic links [12].

Recently, DNA barcodes have been successfully employed in parasitoid studies as they can

substantially increase the recovered real host–parasitoid diversity, often distorted by over-

looked species complexes or by species with slight morphological differences [12–14]. How-

ever, standard DNA barcoding does not allow simultaneous detection and identification of

both the host and the parasitoid(s) [15].

High-throughput sequencing (HTS) techniques such as metabarcoding have significantly

affected the scale and the precision of the outcomes from ecological studies. In DNA metabar-

coding, entire communities are simultaneously explored by combining PCR amplification of

universal markers and HTS. This technique has already revolutionized microbiology and

mycology due to the permanently increasing availability and throughput of sequencing tech-

nologies. In fact, these technologies are driving the evolution of entirely new research lines on

metazoan diversity, such as metasystematics [16, 17]. Moreover, metabarcoding is a promising

neat solution for investigating symbiotic microorganisms along with the presence of their

insect hosts [18]. However, given its novelty, DNA metabarcoding protocols in animal diver-

sity studies are subject of ongoing debate, and multiple alternative strategies have been pro-

posed [19]. While the approach yields unprecedented volumes of biodiversity data, it also

includes many potential biases that remain to be fully explored and/or addressed, including its

reliance on only one or a few markers such as mitochondrial DNA [20], unequal PCR amplifi-

cation of markers from different species (e.g. [21]), incomplete or poorly curated taxonomic

reference libraries [19], and algorithms for clustering sequences into taxonomic units.

Recently, metabarcoding has been successfully used in the reconstruction of (plant)–

insect–parasitoid interactions [5]. Nested metabarcoding was applied to resolve the extent of
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11/2302) (MŠ, PD), https://gacr.cz/en/;

NextGenProject (CZ.1.07/2.3./20.0303) (MŠ),
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parasitism throughout a population of an invasive lepidopteran host at the individual level [6].

While the authors concentrated on the specific problem of a single host species and its known

range of parasitoids, more accurate identifications are still needed for more generalized studies

on food webs and host–parasitoid interactions. Therefore, to fully utilize available barcode data-

bases, we tested an almost full-length cytochrome oxidase subunit I (COI) mtDNA barcode

(2�300 bp) that was amplified using degenerate primers with wide coverage [22], and employed

a RTAX classifier, which enabled exploiting both non-overlapping reads to increase taxonomic

assignment accuracy and precision in the study of mock host–parasitoid communities.

In the present study, we propose using DNA metabarcoding as an alternative to the com-

parisons between morphological and standard barcoding approaches used in previous meth-

odological studies of host–parasitoid interactions (e.g. [12, 13]). Pros and cons of each method

are extensively discussed. Based on a dataset of parasitoids and their hosts from 0.2 ha of

broadleaf deciduous forest in Central Europe (Czech Republic), we aimed to test the possible

use of DNA metabarcoding for identifying host–parasitoid interactions and compare it to

standard DNA barcoding and morphological identifications. For the comparison of these

three methods, we used five mock samples consisting of host caterpillars and their parasitoids,

which were prepared by mixing host remnants with parasitoids reared or dissected from their

hosts. Moreover, using the whole dataset, we compared the accuracy of molecular (DNA bar-

coding) and morphological approaches for the potential reconstruction of a local food web.

We compared the number of Barcoding Index Numbers (BINs; i.e. putative species) obtained

by standard COI mtDNA barcoding to the number of morphotypes. Moreover, as the success

of molecular identifications depends on comprehensive reference libraries, we assess the com-

pleteness and usability of a local reference library for individual host and parasitoid groups.

Materials and methods

Ethics statement

No specific permits were required for fieldwork, as the sampled locality is not protected. The

sampled area is owned by the Židlochovice Forest Enterprise, a division of the Czech National

Forests, Inc., and the data were collected with their approval. No specific permissions were

required to collect insect specimens, because the collected taxa are not protected in the Czech

Republic.

Insect sampling and rearing

Lepidoptera and Hymenoptera (sawflies) larvae were sampled from all plants with a diameter at

breast height (DBH)>5 cm on a 0.2 ha plot of broadleaf deciduous forest in Lanžhot, Czech

Republic (48.689685 N, 16.944742 E), using an elevated truck-mounted work platform (cherry-

picker). Sampling was conducted from May to August 2013 and 2014. Each larva was morpho-

typed and photographed. Larvae were then transferred to plastic containers (one larva per con-

tainer) where they were reared on fresh leaf material from the plant species it was collected from

(Acer campestre, Carpinus betulus, Fraxinus angustifolia, F. excelsior, Quercus cerris,Q. robur,
Tilia cordata, or Ulmus laevis) in the laboratory, until either adults or parasitoids emerged [23].

In total, 6473 hosts were sampled and 1700 parasitoids were reared (from 1032 rearing events).

Morphological, standard barcoding, and metabarcoding identifications

We prepared five host–parasitoid, multispecies, mock samples consisting of 22 individual

insects (five hosts and 17 parasitoids) representing 14 BINs (S1 Table). Every sample was pre-

pared by mixing the remnants of the host’s body with parasitoids reared or dissected from it.
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To increase the complexity of samples before DNA extraction, we added body parts from para-

sitoids reared from other host individuals into mock samples 1–4 (from the same host species,

except of sample 4).

Morphological identification. Host remnants were identified by appropriate specialists

(listed in acknowledgements). Specimens in poor condition were identified by a combination

of larval stage photographs, morphotype assignment, and morphology of the adults reared from

larvae of the same morphotype. Additionally, we dissected the remnants of host larvae under a

binocular microscope and explored the presence of remaining parasitoid developmental stages

[11, 13]. Reared or dissected parasitoids were identified by M. Šigut using taxonomic keys and

online databases (S2 Table) or by comparing them with reference collections held at the Zoolo-

gische Staatssammlung, Munich, Germany (ZSM). Problematic specimens were identified in

consultation with expert taxonomist (Stefan Schmidt—curator for Hymenoptera, ZSM).

Standard barcoding identification. Tissue samples were taken from each parasitized host

and parasitoid developmental stage (reared or dissected) and used in Sanger sequencing. In

hosts, DNA was extracted from a small amount of skin or head tissue, whereas in parasitoids it

was extracted from a single leg, egg, larva, or pupa using a Nucleospin Tissue Kit (Macherey-

Nagel), following the manufacturer’s instructions. We obtained standard 658-bp COI barcodes

using the general insect primers LepF1/LepR1 [24], or combinations of the internal primers

LepF1/C_ANTMR1D and MLepF1/LepR1 for parasitoids, and LepF1/MLepR1 and MLepF1/

LepR1 for lepidopteran hosts [12, 14]. Each PCR had a total volume of 20 μl and contained

13.3 μl molecular biology grade water, 4 μl 5× MyTaq™ Red Reaction Buffer, 0.1 μl MyTaq™
Red DNA Polymerase (all Bioline), 0.8 μM each primer (Sigma-Aldrich), and 1 μl genomic

DNA. The amplification profile was as follows: one cycle of 1 min at 94˚C for initial denatur-

ation; five cycles of 40 s at 94˚C, 40 s at 45˚C, and 1 min at 72˚C; 35 cycles of 40 s at 94˚C, 40 s

at 51˚C, and 1 min at 72˚C; and a final extension step of 5 min at 72˚C. The resulting PCR

products were visualized on a 1.5% agarose gel and then bi-directionally sequenced using Big-

Dye1 Terminator v.3.1 (Applied Biosystems) on an ABI 3730XL sequencer (Macrogen Inc.,

Seoul, South Korea). Forward and reverse sequences were assembled to contigs and aligned in

Bioedit [25]. Sequences were identified using the BOLD-IDS tool (http://www.boldsystems.

org/index.php/IDS_OpenIdEngine); when no identification was obtained, a neighbor joining

(NJ) tree including the 99 most similar sequences plus the query sequence was constructed,

and the reference sequence with the shortest distance and divergence up to 3% was considered

as the specimen identification [26]. Sequences of all specimens were deposited in GenBank

(https://www.ncbi.nlm.nih.gov/genbank/; Accessions KY421520–KY421541).

Metabarcoding identification. Five mock samples consisting of host and parasitoid body

parts were subjected to sequencing library preparation. We performed DNA extractions from

mixed tissues following the same protocol as for standard barcoding (see above). To ensure

broad recovery of taxa from mock samples, we used highly-degenerate primers for the amplifi-

cation of COI markers: Fol-degen-for 5’-TCNACNAAYCAYAARRAYATYGG-3’ and Fol-

degen-rev 5’-TANACYTCNGGRTGNCCRAARAAYCA-3’ [22]. A two-step PCR design was

applied in library preparation. For the purposes of the present study, i.e. testing the metabar-

coding performance, first-step amplifications were performed in quintuple reactions using

only degenerate gene-specific primers to avoid PCR artifacts, caused by long primers with

attached sequencing adapters and identifiers, and account for the stochasticity of PCR amplifi-

cation [27, 28]. Each reaction volume (25 μl) contained 12.25 μl molecular biology grade

water, 5 μl Q5 high fidelity 5× buffer, 0.2 mM dNTPs, 0.8 μM each primer, 1.25 U Q5-high

fidelity polymerase (all New England BioLabs, Inc.) and 20 ng template DNA (measured fluor-

ometrically on Qubit™, Thermofisher Scientific). In this first-step PCR a touch-down cycling

program was applied [22], with minor modifications, based on our prior PCR optimizations to
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obtain robust amplicon recovery, including mainly increase of denaturation time, higher ini-

tial annealing temperature, and decrease of elongation time: initial denaturation at 95˚C for 5

min; 10 cycles at 95˚C for 30 s, 55˚C for 45 s with decreasing annealing temperature by 1˚C

every cycle, and 72˚C for 90 s; 15 cycles at 95˚C for 30 s, 45˚C for 45 s, 72˚C for 90 s; and a

final extension at 72˚C for 10 min. Primers were synthesized with the last two bases modified

by phosphorothioate bonds to inhibit degradation by proofreading polymerase. To prevent

potential depletion of certain primers from the degenerate mixture we minimized the number

of cycles. First-step quintuple PCR reactions were pooled, purified (UltraClean1 PCR clean-

up kit, MoBio), and subjected to a second-step PCR including 15 amplification cycles with

fused primers containing degenerate gene-specific primers, different 7-bp multiplex identifiers

(MIDs; or barcodes) on the forward primer only to identify each sample, and Illumina™ (Illu-

mina, Inc.) adapters. This second-step PCR was set up as the previous one, using 2 μl of the

first-step PCR products as templates. The cycling profile consisted of an initial denaturation at

95˚C for 2 min followed by 15 cycles at 95˚C for 15 s, 51˚C for 30 s, and 72˚C for 1 min, and a

final extension at 72˚C for 10 min. The resulting PCR products were purified and checked

using an agarose gel, as described for the first-step PCR, and quantified with the Quant-iT kit

(Life Technologies). Equimolar proportions of all samples were subsequently pooled to create

a final sequencing library at 7.5 ng/μl, which was submitted to paired-end sequencing on a

MiSeq instrument (Illumina) at the Interdisciplinary Center for Biotechnology Research, Uni-

versity of Florida, United States, producing 2�300 bp long reads. Samples from this study com-

prised 1/1000th of the whole sequencing output. Raw demultiplexed sequencing data with

sample annotations are available at the Short Read Archive (SRA) database (http://www.ncbi.

nlm.nih.gov/Traces/sra/) under accession SRP045622, and further details can be found under

the Bioproject accession PRJNA258490.

Sequencing data were processed using QIIME 1.8.0 [29] and implementing scripts for all

partial raw data processing steps (http://qiime.org/scripts/index.html), including quality

checking, demultiplexing, read clustering, and taxonomic assignments. Such procedures

allowed obtaining a matrix of recovered taxa per individual mock sample. We processed for-

ward and reverse reads separately as they did not overlap; nevertheless, for classification pur-

poses, we used information from both directions as described below. We subjected all reads to

quality filtering and demultiplexing with default settings, including a maximum unacceptable

phred quality score of 20, maximum number of consecutive bad quality base calls of 3, and

maximum of 1.5 errors in the barcode. Reads shorter than 100 bp were discarded. We detected

and filtered chimeras by implementing the de novo chimera identification of the USEARCH

algorithm [30]. We used UCLUST [31] with a 97% similarity threshold to cluster filtered reads

into molecular operational taxonomic units (MOTUs). Before producing the final dataset, we

discarded singletons (clusters with only one read in individual samples). We subsequently clas-

sified representative sequences from all clusters implementing the RTAX method [32], which

was developed for increasing the precision of assignment based on both reads from paired-end

non-overlapping datasets against the standard reference COI database at iBOL [26] containing

150,610 COI barcode sequences (http://www.barcodinglife.org/index.php/datarelease, release

4.75—v1 on March 31, 2014). This method essentially provides taxonomic assignment based

on a consensus algorithm. Reads from forward and reverse datasets were concurrently queried

against the database, and only reference sequences that matched both paired reads were

retained to calculate average percentage identity. Finally, only matches with an average identity

within 0.5% of the maximum observed for that query sequence were retained and taxonomic

assignment was based on the rank matching at least 50% of the hits. This threshold value was

selected based on the preliminary tests run by the authors of the algorithm [32]. Utilizing both

paired-end reads in parallel is expected to significantly enhance the classification’s rate,
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accuracy, and precision. Finally, we compiled information on read counts for all MOTU clus-

ters from all samples together with taxonomic information into a MOTU table. We evaluated

two factors of usability for this metabarcoding approach: recovery of diversity and ability to

provide identifications up to the species level. We queried sequences that had no suitable

match in the iBOL database (preliminarily described as “others”; expected to be of non-insect

origin, e.g. bacteria) against the Genbank database, employing the basic local alignment search

tool (blast)n algorithm, and the output of this query was subsequently analyzed in MEGAN6

applying the lowest common ancestor (LCA) algorithm to produce a final taxonomic assign-

ment [33]. For hierarchical visualization of recovered taxonomic composition of mock sam-

ples we used Krona charts [34].

MiSeq recovery of diversity information. To separately assess the recovery capacity of

metabarcoding (i.e. MiSeq procedure) we checked the overlap of MiSeq-produced sequencing

clusters against the Sanger data produced from the specimens included in the mock samples.

We performed blast searches of all representative sequences from all MiSeq-produced MOTU

clusters against a reference library consisting of standard barcoding sequences from all speci-

mens included in the mock samples. The minimal e-value for blast searches was set to 1e-10

and the similarity threshold was set to 97%.

Statistical analyses. We evaluated the success of individual methods (morphological

approach, standard barcoding, and metabarcoding) for identifying host–parasitoid members

of five mock samples at different taxonomic levels (family, genus, species) using the series of

proportion tests [35] performed for each taxonomic level in R 3.2.2. [36].

Standard barcoding vs morphotyping

Morphological identification. Hosts were morphotyped and assigned into morphospe-

cies by appropriate specialists (as above) and parasitoids were identified by M. Šigut. These

were mostly identified to higher taxonomic levels because expert-level species identifications

are usually a long-term process, especially in the case of large-scale projects, and the experience

of M. Šigut on the identification of these specimens is intermediate (i.e. roughly 400 h before

the project plus 800 h during this project). Parasitoid specimens are currently being identified

by taxonomists and accurate identifications will be continuously updated on BOLD as they

become available.

DNA barcoding. A total of 1037 specimens (417 hosts plus 620 parasitoids) were analyzed

at the Canadian Centre for DNA Barcoding (University of Guelph) using standardized proto-

cols [37, 38]. Thirty-five parasitoids were processed at the University of Ostrava, Czech Repub-

lic (performing sequencing at Macrogen Inc., Seoul, South Korea) using the same protocols as

in mock samples’ processing. Generated sequences were assigned to BINs and identified using

BOLD analytical tools. All DNA sequences and respective specimens are accessible on BOLD

(dataset DS-LANZMET, DOI dx.doi.org/10.5883/DS-LANZMET). Voucher specimens are

deposited at the University of Ostrava and ZSM.

Results

Morphological, standard barcoding, and metabarcoding identifications

Based on the mock samples, there were no significant differences between the three methods

regarding identification success into individual taxonomic levels (χ2 = 2.03, df = 2, P = 0.362;

χ2 = 5.12, df = 2, P = 0.078; and χ2 = 0.50, df = 2, P = 0.780, for family, genus and species level,

respectively; Table 1, S1 Table). The metabarcoding successfully generated 19,963 forward and

20,155 reverse reads after quality trimming. On average, we retained 3992 forward and 4031

reverse reads per sample with median read length of 254 and 252 bp, respectively. After
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performing all quality processing and clustering procedures and discarding the generated sin-

gletons, 19,822 reads were retained (i.e. ~50% of all reads). Their clustering resulted in 69 dif-

ferent MOTUs (S3 Table) including eight (11.6%) host clusters (82.7% of reads; n = 16,386)

and 15 (21.7%) parasitoid clusters (4.88% of reads; n = 966). Interestingly, 46 MOTUs (66.7%)

had no match with standard COI barcoding reference sequences; 27 of these clusters (39.1%)

were further identified as putative symbionts (5.39% of reads; n = 1068) and 19 (27.5%) were

assumed as environmental or laboratory contaminants (6.63% of reads; n = 1315). Eighty-

seven reads (0.44%) were not assigned to a taxonomically specific cluster and might, therefore,

represent chimeric sequences (with no similar hit in the reference database and/or with vari-

ous parts of the same sequence showing very different taxonomic identifications) that were

not excluded by the de novo chimera identification procedure (Fig 1).

The overall metabarcoding diversity recovery was high, reaching 92.8% (13/14) of the host

and parasitoid taxa (unique BINs), and 95.5% (21/22) of the individuals employed in this study

had successful blast hits in the local reference library consisting of representative standard bar-

coding sequences from all specimens included in the mock samples (S1 Fig). Only one individ-

ual belonging to Alsophila aescularia (lepidopteran host) was not recovered and thus could not

be assigned.

Standard barcoding vs morphotyping

Standard barcode (i.e. COI) sequences were recovered from 865 of the 1072 analyzed speci-

mens resulting in 795 (465 parasitoid, 330 host) barcode compliant records (>500 bp; 74.2%).

In total, we obtained 104 different parasitoid and 108 host BINs. The 795 DNA barcodes

obtained increased the putative diversity of assigned parasitoid morphospecies in our studied

area from 91 to 104 BINs (MOTUs), with subfamilies Eulophinae and Microgastrinae present-

ing the highest increase (from six to 14, and from 19 to 26, respectively). Similarly, barcodes

recovered from hosts increased their putative diversity from 97 morphospecies to 108 BINs,

with families Geometridae and Tortricidae presenting the highest increase (from 29 to 34, and

from eight to 12, respectively). Regarding the completeness and usability of these local refer-

ence libraries, the identification success of herbivore hosts was much higher than that of para-

sitoids. In hosts, we successfully identified 90.7% of BINs to the species level (98/108), whereas

in parasitoids, identification success was limited to higher taxonomic levels with only 39.4%

(41/104) of BINs successfully identified as putative species (Table 2).

Discussion

Metabarcoding, standard barcoding, and morphological identifications

performance

Overall, recovered diversity and identification precision using metabarcoding agreed with that

obtained using standard barcoding and accurately reflected morphological identifications.

Table 1. Success of each method in the identification of the 22 individuals present in the mock samples.

Method % Identification success

Family Genus Species

Morphological identification 100.0 59.1 54.5

Standard barcoding 100.0 86.4 63.6

Metabarcoding 95.5 81.8 54.5

Further details are indicated in S1 Table.

https://doi.org/10.1371/journal.pone.0187803.t001

Using metabarcoding for identifying host–parasitoid interactions

PLOS ONE | https://doi.org/10.1371/journal.pone.0187803 December 13, 2017 7 / 18

https://doi.org/10.1371/journal.pone.0187803.t001
https://doi.org/10.1371/journal.pone.0187803


Fig 1. Detailed composition of the individual mock samples (S1–S5) recovered by DNA metabarcoding

(Illumina MiSeq). The taxonomic assignment of recovered host and parasitoid taxa is emphasized together with

the proportion of putative symbionts. The width of each sector corresponds to the relative proportion of its reads (nr

= total number of reads). Taxonomic levels are displayed hierarchically from order (the innermost layer) to species

level (the outermost layer). The inset table shows organisms (H = host, P = parasitoid) put in the mock samples,

and their identification to the lowest possible taxonomic level based on consensus of the three methods

(morphological identification, standard barcoding and metabarcoding). See S1 and S3 Tables for details.

https://doi.org/10.1371/journal.pone.0187803.g001
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Table 2. Host–parasitoid diversity at the study site (Lanžhot, Czech Republic) sampled in 2013–2014.

Taxonomic group No. of barcoded

specimens

No. of larva/pupa/

adult

No. of

morphospecies

No. of

BINs

% of BINs assigned to:

Family Subfamily Genus Species

Hymenoptera

Agathidinae (B) 1 1/0/0 1 1 100.0 100.0 100.0 0.0

Anomaloninae (I) 1 0/0/1 1 1 100.0 100.0 100.0 100.0

Banchinae (I)a 5 0/0/5 5 4 100.0 50.0 50.0 25.0

Campopleginae (I)a 80 1/3/76 17 15 100.0 60.0 53.3 33.3

Cryptinae (I) 4 0/0/4 3 3 100.0 66.7 66.7 66.7

Entedoninae (CH) 2 0/0/2 1 1 100.0 0.0 0.0 0.0

Eulophinae (CH)a 104 1/3/100 6 14 92.9 64.3 64.3 14.3

Euphorinae (B) 3 0/3/0 1 1 100.0 100.0 100.0 100.0

Homolobinae (B) 1 0/0/1 1 1 100.0 100.0 0.0 0.0

Hormiinae (B) 1 0/0/1 1 1 100.0 100.0 0.0 0.0

Macrocentrinae (B) 7 0/0/7 2 2 100.0 100.0 100.0 0.0

Mesochorinae (I)a 13 0/1/12 6 5 100.0 40.0 20.0 20.0

Microgastrinae (B)a 96 0/20/76 19 26 96.2 96.2 53.8 26.9

Ophioninae (I) 8 4/3/1 3 3 66.7 66.7 66.7 66.7

Orgilinae (B) 2 0/0/2 1 1 100.0 100.0 0.0 0.0

Perilampinae (CH) 6 0/6/0 1 1 0.0 0.0 0.0 0.0

Pimplinae (I) 1 0/0/1 1 1 100.0 100.0 100.0 100.0

Pteromalinae (CH) 1 0/1/0 1 1 100.0 0.0 0.0 0.0

Rogadinae (B)a 16 0/2/14 1 2 100.0 100.0 100.0 100.0

Tryphoninae (I) 1 1/0/0 1 1 100.0 100.0 100.0 100.0

Diptera

Dexiinae (T) 5 0/5/0 2 2 100.0 50.0 50.0 50.0

Exoristinae (T)a 86 1/78/7 10 12 100.0 91.7 91.7 91.7

Tachininae (T)a 18 0/13/5 4 3 100.0 100.0 100.0 100.0

otherb 3 2/1/0 2 2 0.0 0.0 0.0 0.0

∑ 465 11/139/315 91 104 94.2 75.0 59.6 39.4

Argidae (H) 1 1/0/0 1 1 100.0 100.0 100.0 100.0

Bucculatricidae (L) 10 8/0/2 3 3 100.0 100.0 100.0 66.7

Depressariidae (L) 2 2/0/0 1 1 100.0 100.0 100.0 100.0

Drepanidae (L) 2 2/0/0 1 1 100.0 100.0 100.0 100.0

Erebidae (L) 26 22/1/3 6 7 100.0 100.0 100.0 100.0

Gelechiidae (L) 6 6/0/0 6 6 100.0 100.0 83.3 83.3

Geometridae (L) 145 99/37/9 29 34 100.0 100.0 97.1 88.2

Gracillariidae (L) 4 4/0/0 3 3 100.0 100.0 100.0 66.7

Limacodidae (L) 1 0/1/0 1 1 100.0 100.0 100.0 100.0

Lypusidae (L) 20 20/0/0 3 3 100.0 100.0 100.0 66.7

Noctuidae (L) 41 33/6/2 14 13 100.0 100.0 100.0 92.3

Nolidae (L) 11 10/1/0 3 3 100.0 100.0 100.0 100.0

Notodontidae (L) 8 8/0/0 5 5 100.0 100.0 100.0 100.0

Psychidae (L) 15 11/3/1 4 6 100.0 100.0 100.0 83.3

Pyralidae (L) 1 1/0/0 1 1 100.0 100.0 100.0 100.0

Roeslerstammiidae

(L)

2 2/0/0 2 2 100.0 100.0 100.0 100.0

Tenthredinidae (H) 6 5/1/0 3 3 100.0 100.0 100.0 100.0

Tortricidae (L) 26 16/4/6 8 12 100.0 100.0 100.0 100.0

(Continued )
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Thus, our data suggest that employing both paired-end reads in a parallel manner in the classi-

fication procedure used in metabarcoding produced assignments as accurate as in the standard

barcoding approach (except in one case; see specimen “Hyposoter” in sample S1 in S1 Table).

Despite this accuracy, we recorded an inferior precision (although non-significant) of meta-

barcoding identification when compared to standard barcoding, resulting from the overall

shorter sequences produced by the MiSeq platform (658 bp vs. ~2�300 bp). This was tested in
silico for above-mentioned specimen by cutting out the missing part from the middle of its full

barcode sequence: in such case, RTAX confirmed the same taxonomic assignment as with

MiSeq representative read. Nevertheless, the metabarcoding approach, using a combination of

MiSeq sequencing, amplification of almost full COI barcodes by means of updated wide-cover-

age degenerate primers, and bioinformatic procedures including RTAX classification, seems

to effectively recover host–parasitoid diversity. A similar conclusion was reached in a plant

diversity study using metabarcoding, showing that full-length barcode markers have a poten-

tial to outperform shorter barcode fragments [39]. An alternative to the RTAX method for

processing the classification of paired-end reads would be to search concatenated reads with

N’s filling the gap of non-overlapping parts of the markers against a reference library; however,

current search algorithms, as that implemented in BLAST or USEARCH, do not produce ideal

results with this type of query [32] and, therefore, RTAX is the most effective solution. Com-

pared to other currently available classifiers, RTAX seems to suffer from over classification

and higher error rates, particularly at the species and genus levels, related to the coverage of

the reference database [40]. However, its main indisputable advantage remains: the ability to

use both non-overlapping reads producing doubled information, which has been proven to

result in better classifications compared to partial information from single read and thus

shorter overall sequence [39]. In our study, we used a conservative (3%) pairwise sequence

divergence as the threshold to distinguish between two MOTUs, although the arbitrary nature

of this clustering dissimilarity threshold has been criticized and alternative methods of MOTU

delimitations are available (see [11] and references therein).

The design of degenerate primers applied in the present study might yet be suboptimal for

the amplification and sequencing of particular species as we were unable to detect the host

Alsophila aescularia. Although Sanger sequencing was able to recover the COI sequence of this

lepidopteran using standard insect primers, an attempt to generate Sanger sequences using

Fol-degen primers repeatedly failed. The unsuitability of degenerate primers for Alsophila spe-

cies might be further confirmed when the mitochondrial genome of any of the Alsophila spe-

cies becomes available. Another inconvenience of using highly degenerated primers is their

Table 2. (Continued)

Taxonomic group No. of barcoded

specimens

No. of larva/pupa/

adult

No. of

morphospecies

No. of

BINs

% of BINs assigned to:

Family Subfamily Genus Species

Ypsolophidae (L) 3 2/0/1 3 3 100.0 100.0 100.0 100.0

∑ 330 252/54/24 97 108 100.0 100.0 98.1 90.7

The completeness and usability of the BOLD reference database (version 4; 16. 6. 2016) is demonstrated on the identification success of host and

parasitoid BINs into individual taxonomic levels (family, subfamily, genus, species) and compared to the number of morphospecies obtained.

All BINs were assigned to the Order level.

Parasitoid taxa are shaded blue, host taxa red.

B = Braconidae, I = Ichneumonidae, CH = Chalcidoidea, T = Tachinidae, H = Hymenoptera, L = Lepidoptera.
aTaxa with different number of BINs and morphospecies
bSpecimens impossible to assign to any taxonomic group

https://doi.org/10.1371/journal.pone.0187803.t002
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sensitivity to environmental or laboratory contaminations [41]. This aspect was confirmed by

our study as our metabarcoding data contained obvious contaminants such as plant (e.g. Mal-

phigiales, Solanum lycopersicum), leaf beetle (family Chrysomelidae, SPH01), or endemic Aus-

tralian butterfly Leucania cruegeri DNA (S3 Table). In our particular case, laboratory

contaminations might have had a greater impact than that expected for the practical applica-

tion of metabarcoding due to the excessive manipulation of specimens during the rearing,

preparation of artificial mock samples, and morphological identification procedures. Rinsing

and carefully handling specimens during processing could eliminate a substantial part of envi-

ronmental and laboratory contaminations.

Another inconvenience of using metabarcoding is the need for a careful interpretation of

the recovered diversity as more insect species can be revealed than that involved in the real

interaction. In multiple hosts’ detection, this situation is simply resolved because the DNA of

the real host is usually present in the largest amount. However, in multiple parasitoids’ detec-

tion, deciding which species was indeed present in the sample is much more complicated as

one host can be parasitized by multiple species, and the amount of their DNA in the sample is

usually an order of magnitude lower than that of their host. In our particular case, in addition

to revealing the identity of the parasitoids added to the mock samples, DNA metabarcoding

revealed parasitoid taxa of uncertain origin: Carcelia tibialis (0.2%, sample S4), Microplitis
demolitor (0.03%, sample S5), and a Tetrastichinae species (2%, sample S3). Since M. demolitor
is a non-European species commonly used in insect pest management, and its DNA was pres-

ent in a very small amount, this was considered a laboratory contamination. However, C. tibia-
lis is common in Europe, Carcelia spp. are known to attack the host in which C. tibialis was

detected, and it was represented in a considerable amount of reads; thus, this species might

indeed have been present in the host’s body but it was overlooked during dissection. Similarly,

Tetrastichinae parasitoids are known to attack the host where they were found, and due to the

relatively high number of reads we can assume that representatives of this subfamily were pres-

ent in the samples. Alternatively, they might have been hyperparasitoids of added or dissected

parasitoid species [42]. Moreover, parasitoids’ oviposition in the ‘wrong’ host is common [43]

and, therefore, detected parasitoid DNA could have originated from such unsuccessful parasi-

tation attempts. However, unpredicted taxa in our samples could as well represent misclassifi-

cations based on the misidentified hits in reference database, which can occur more frequently

in understudied and taxonomically challenging groups [44]. These aspects emphasize the

importance of building accurate and comprehensive reference libraries and knowing the ecol-

ogy of detected insect species.

Standard DNA barcoding is not affected by most of the above-mentioned issues arising

from the nature of mixed samples. However, a common problem of Sanger sequencing in the

identification of host–parasitoid interactions are the cross contaminations between host and

parasitoid DNA [13]. Metabarcoding not only eliminates such problems, as it can also use

them to its own benefit by simultaneously detecting and identifying host and parasitoids with-

out rearing or dissecting procedures, which are common time-consuming and labor intensive

procedure linked to the classical morphological approach [13]. Moreover, the morphological

identification of host–parasitoid communities requires experienced taxonomists as these are

composed of larval and/or other hardly identifiable developmental stages. Cryptic species,

common in many parasitoid taxa [12, 14, 45], and unsuccessfully reared developmental stages

often represent a substantial proportion of dataset (see Table 2 for example) and further com-

plicate their identification. Molecular methods allow detecting such stages and cryptic species

and, by increasing the recovered host–parasitoid diversity, can substantially extend the

final dataset. This aspect was confirmed in our study as the morphological approach failed to

classify a substantial part of the parasitoid samples to the genus and species levels (eight
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unclassified individuals in larval and pupal stages), while these samples were identified by both

molecular methods. However, molecular methods are unable to distinguish special life strate-

gies (e.g. hyperparasitism) and to prove successful parasitism [46]. For these situations, rearing

methods allowing the observation of all life stages and the outcome of such interactions seem

to be more appropriate. Moreover, relying exclusively on the molecular methods for the spe-

cies description is inadequate, mainly because building species hypothesis based on a single

locus is inappropriate [47]. Still, combining sequence data and other evidence is becoming a

widely accepted practice [48, 49].

A considerable part of the diversity of our mock samples recovered by metabarcoding was

composed of putative endosymbionts (5.39% of all reads and 27 taxonomic clusters; Fig 1, S3

Table) suggesting its potential for simultaneously recovering endosymbiotic microbiota. It is

known that endosymbionts may shape the structure and dynamics of insect food webs [50,

51], and examining insect hosts and their associated microbiota has been tried or discussed

[18]. However, we were unable to confirm the endosymbiotic origin of most taxa as many of

them were facultative endosymbionts (e.g. can be found either as epiphytic or gut microflora

[51–53]); this was the case for Pseudomonas, Stenotrophomonas, Acinetobacter, or Acetivibrio.

Conversely, we assumed the endosymbiotic origin of Rickettsia, Ralstonia, or Kocuria, which

are obligate endosymbiotic genera. In addition, many endosymbionts identified in our study

were not host-specific; Rickettsia, for example, is known from the gut microflora of various

herbivorous insects but also from the eulophid wasp, Pnigalio soemius [54, 55]. On the other

hand, the cellulolytic bacteria Ralstonia were probably associated with lepidopteran hosts

instead of parasitoids (e.g. [55]). Moreover, most endosymbionts’ clusters were only identified

to high taxonomic levels (S3 Table) and a better recognition of their origin requires more accu-

rate taxonomic identifications, which could be improved by using more specific bacterial and

fungal primers with growing reference libraries and knowledge on endosymbiont ecology.

Standard barcoding vs morphotyping

The second part of our study compared the accuracy of molecular (DNA barcoding) and mor-

phological approaches for the potential reconstruction of a local food web, and assessed the

completeness of a local reference library. The previously discussed benefits of DNA barcoding

in comparison with morphological identification were evidenced in the markedly increased

parasitoid diversity, especially in Eulophinae and Microgastrinae. This agrees with previous

studies confirming the high level of crypsis and identification issues in both these groups [12,

56]. Similarly, in hosts, the highest increase in diversity was obtained for Geometridae and

Tortricidae, probably due to the presence of hardly identifiable juveniles, and to the high level

of crypsis of both groups, which is well documented in the literature [57, 58].

In the Czech Republic, the focal community of lepidopteran and hymenopteran hosts and

their parasitoids includes approx. 4000 host and 4500 parasitoid species [59–61]. The reference

library of hosts is quite extensive and, from our dataset, we successfully identified the vast

majority of putative species (BINs) to the species level while the identification success of para-

sitoids to the species level was much lower (Table 2). These identification success rates are sim-

ilar to those reported for the tropics, where 87% of the host and 36% of the parasitoid

sequences were successfully identified to the species level based on Papua New Guinea’s local

reference library [13]. Successful molecular identifications of central European hosts and their

parasitoids benefit strongly from the growing number of large-scale barcoding campaigns,

such as the Barcoding Fauna Bavarica [62] or the German Barcoding of Life commenced in

2012, which are substantially contributing to build reference libraries. However, the low effi-

ciency of parasitoids’ molecular identification compared to that of their hosts is caused by
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their huge unrevealed diversity and lack of molecular data [2] and by taxonomic issues [13].

This seems to be particularly evident in some hyperdiverse and/or cryptic groups of hymenop-

teran parasitoids, which showed the lowest number of BINs assigned to species (e.g. Eulophi-

nae, 14.3%; Microgastrinae, 26.9%; Campopleginae, 33.3%; Table 2). The situation is much

better in European tachinids (Diptera), with 88.2% of BINs identified to species, suggesting

that they represent a well-studied and well-barcoded group. These results emphasize the need

to continue building comprehensive reference libraries focused on parasitoids.

Future of metabarcoding identifications

Our study proposes using metabarcoding for effectively recovering host–parasitoid diversity.

As indicated above, this approach will be most effective at localities where species diversity is

covered by comprehensive reference libraries, which is still far from reality, especially for para-

sitoids. Moreover, accurate identifications are still needed. From the methodological point of

view, we suggest that a further increase in recovered diversity could stem from the use of mul-

tiple independent markers, which are being increasingly developed as reference databases for

alternative barcoding markers also increase [63–66]. In terms of classification procedures, a

wide array of algorithms and methods has been developed for this purpose, but none seems to

be ideal for all eventualities [63]. Recently, a statistical algorithm capable of incorporating data

from several independent classifiers as covariates in a probabilistic taxon membership assign-

ment process was developed, providing unbiased probabilities of taxonomic placement [67].

Thus, there is a growing number of tools helping with this aspect and providing as precise and

accurate classifications as possible.

To efficiently process a multitude of samples in high-throughput mode and still be able to

draw significant conclusions and capture sparse interactions, several alternative approaches

were designed. One of them, multiplex PCR, was suggested to decrease analyses’ costs, allow-

ing the simultaneous detection of several target species, and, in combination with two-dimen-

sional sample pooling, decreasing the number of PCR reactions up to 90% [68]. This will be

particularly useful for the specific screening the limited number of interactions with low para-

sitism rates (<10%), while metabarcoding is more useful for the more general detection of all

present trophic links involving unexpected interactions. Multiparasitism or hyperparasitism

are quite common [69], but, in general, only a few parasitoid species share one host. Recent

advances in sample multiplexing allowed new indexing schemes, including double-indexing

or nested tagging [6], and the expected diversity recovered per sample and read depth needed

increased with the continuously increasing output of modern sequencers (e.g. Illumina Nova-

Seq series); thus, a large number of samples can now be pooled and should easily cover the

needs of any ecological study. Based on our results, one MiSeq run could potentially be used to

process thousands of samples (~5000).

The primary aim of our study was to test metabarcoding as an alternative to standard bar-

coding and classical morphological identifications, both time-consuming and labor intensive,

for a prospective large-scale study of host–parasitoid interactions. Due to limited number of

mock samples used in our study, further testing, including other host and parasitoid taxa to

cover more of the real global diversity, would be necessary to draw more general and robust

conclusions. Still, the present study might be a starting point for further comparative studies.

Although in our study, the performance of metabarcoding was tested on mock samples, each

including one host and multiple parasitoids (except of S5), for the purpose of studies of host–

parasitoid interactions, each host larva potentially with parasitoid(s) inside would be a sepa-

rately barcoded inclusion in the sequencing pool. Many different aspects of HTS are known to

bring technical issues into the datasets produced by these techniques, including library
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preparation biases, stochastic effects during sequencing, and bioinformatic analyses biases.

These are being extensively discussed and subjected to thorough testing in relevant stand-

alone studies, and recent findings have shown that those negative effects could be effectively

solved by simply increasing sequencing depth [70]. However, optimal sequencing depth for

recovery of full complexity of the sample involving host with all (potential) parasitoids inside

is tricky to define as it depends on an array of conditions. The most relevant are size propor-

tions of organisms involved in the sample and amplification efficiency. Nevertheless, given

that high-throughput costs are continuing to decline, we believe that with growing accurate

and comprehensive reference libraries and increasing knowledge on the ecology of detected

insect species, metabarcoding might be the most effective future solution for large-scale studies

of host–parasitoid food webs, allowing the simultaneous assessment of associated microbiota,

thus saving both time and money. However, molecular methods cannot entirely replace the

reconstruction of ecological interactions by direct observation (e.g. rearing), and, for their

accurate interpretation, reliable taxonomic backgrounds will still be needed.
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60. Šedivý J. Checklist of Czechoslovak insects III (Hymenoptera). Acta Entomol Mus Natl Pragae. 1989;

19: 1–194.

61. Vaňhara J, Tschorsnig P, Barták M. New records of Tachinidae (Diptera) from the Czech Republic and

Slovakia, with revised check-list. Stud Dipterol. 2004; 10: 679–701.

62. Hausmann A, Hendrich L, Balke M, Morinière J, Schmidt S, Segerer AH, et al. A major contribution of

the ZSM to the genetic library of life: 35,000 insect species barcoded in 7 years. In: Kroh A, Berning B,

Haring E, Harzhauser M, Sattmann H, Walochnik J, Zimmermann D, Zuschin D, editors. BioSyst.EU

2013 Global systematics! Vienna: Abstract Volume NOBIS Austria; 2013. 279 pp.

63. Coissac E, Riaz T, Puillandre N. Bioinformatic challenges for DNA metabarcoding of plants and ani-

mals. Mol Ecol. 2012; 21: 1834–1847. https://doi.org/10.1111/j.1365-294X.2012.05550.x PMID:

22486822

64. Epp LS, Boessenkool S, Bellemain EP, Haile J, Esposito A, Riaz T, et al. New environmental metabar-

codes for analysing soil DNA: potential for studying past and present ecosystems. Mol Ecol. 2012; 21:

1821–1833. https://doi.org/10.1111/j.1365-294X.2012.05537.x PMID: 22486821

65. Valentini A, Taberlet P, Miaud C, Civade R, Herder J, Thomsen PF, et al. Next-generation monitoring of

aquatic biodiversity using environmental DNA metabarcoding. Mol Ecol. 2016; 25: 929–942. https://doi.

org/10.1111/mec.13428 PMID: 26479867

66. Cruaud P, Rasplus J-Y, Rodriguez LJ, Cruaud A. High-throughput sequencing of multiple amplicons for

barcoding and integrative taxonomy. Sci Rep. 2017; 7: 41948. https://doi.org/10.1038/srep41948

PMID: 28165046

67. Somervuo P, Koskela S, Pennanen J, Henrik Nilsson R, Ovaskainen O. Unbiased probabilistic taxo-

nomic classification for DNA barcoding. Bioinformatics. 2016; 32: 2920–2927. https://doi.org/10.1093/

bioinformatics/btw346 PMID: 27296980

68. Sint D, Sporleder M, Wallinger C, Zegarra O, Oehm J, Dangi N, et al. A two-dimensional pooling

approach towards efficient detection of parasitoid and pathogen DNA at low infestation rates. Methods

Ecol Evol. 2016; 7: 1548–1557.

69. Harvey JA, Poelman EH, Tanaka T. Intrinsic inter- and intraspecific competition in parasitoid wasps.

Annu Rev Entomol. 2013; 58: 333–351. https://doi.org/10.1146/annurev-ento-120811-153622 PMID:

23092242

70. Smith DP, Peay KG. Sequence depth, not PCR replication, improves ecological inference from next

generation DNA sequencing. PLoS ONE. 2014; 9: e90234. https://doi.org/10.1371/journal.pone.

0090234 PMID: 24587293

Using metabarcoding for identifying host–parasitoid interactions

PLOS ONE | https://doi.org/10.1371/journal.pone.0187803 December 13, 2017 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/20968185
http://lepidoptera.wz.cz
http://lepidoptera.wz.cz
https://doi.org/10.1111/j.1365-294X.2012.05550.x
http://www.ncbi.nlm.nih.gov/pubmed/22486822
https://doi.org/10.1111/j.1365-294X.2012.05537.x
http://www.ncbi.nlm.nih.gov/pubmed/22486821
https://doi.org/10.1111/mec.13428
https://doi.org/10.1111/mec.13428
http://www.ncbi.nlm.nih.gov/pubmed/26479867
https://doi.org/10.1038/srep41948
http://www.ncbi.nlm.nih.gov/pubmed/28165046
https://doi.org/10.1093/bioinformatics/btw346
https://doi.org/10.1093/bioinformatics/btw346
http://www.ncbi.nlm.nih.gov/pubmed/27296980
https://doi.org/10.1146/annurev-ento-120811-153622
http://www.ncbi.nlm.nih.gov/pubmed/23092242
https://doi.org/10.1371/journal.pone.0090234
https://doi.org/10.1371/journal.pone.0090234
http://www.ncbi.nlm.nih.gov/pubmed/24587293
https://doi.org/10.1371/journal.pone.0187803

