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Abstract
The German Barcoding initiatives BFB and GBOL have generated a reference library of

more than 16,000 metazoan species, which is now ready for applications concerning next

generation molecular biodiversity assessments. To streamline the barcoding process, we

have developed a meta-barcoding pipeline: We pre-sorted a single malaise trap sample

(obtained during one week in August 2014, southern Germany) into 12 arthropod orders

and extracted DNA from pooled individuals of each order separately, in order to facilitate

DNA extraction and avoid time consuming single specimen selection. Aliquots of each ordi-

nal-level DNA extract were combined to roughly simulate a DNA extract from a non-sorted

malaise sample. Each DNA extract was amplified using four primer sets targeting the CO1-
5’ fragment. The resulting PCR products (150-400bp) were sequenced separately on an

Illumina Mi-SEQ platform, resulting in 1.5 million sequences and 5,500 clusters (coverage

�10; CD-HIT-EST, 98%). Using a total of 120,000 DNA barcodes of identified, Central

European Hymenoptera, Coleoptera, Diptera, and Lepidoptera downloaded from BOLD we

established a reference sequence database for a local CUSTOM BLAST. This allowed us

to identify 529 Barcode Index Numbers (BINs) from our sequence clusters derived from

pooled Malaise trap samples. We introduce a scoring matrix based on the sequence match

percentages of each amplicon in order to gain plausibility for each detected BIN, leading to

390 high score BINs in the sorted samples; whereas 268 of these high score BINs (69%)

could be identified in the combined sample. The results indicate that a time consuming pre-

sorting process will yield approximately 30%more high score BINs compared to the non-

sorted sample in our case. These promising results indicate that a fast, efficient and reliable

analysis of next generation data from malaise trap samples can be achieved using this

pipeline.
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Introduction
Faunal monitoring is the most viable way to attest the general ecosystem health [1]. It enables
scientists to detect invasive species, to study spatial and temporal dynamics of species within
an ecosystem, and to define areas for conservation priority settings, among other important
biodiversity and ecosystem management decisions. Insects are a major component of biodiver-
sity in virtually all terrestrial ecosystem [2], making them very important for environmental
impact assessment [3]. In this context, malaise traps are an often used, standardized method
for sampling flying insects [4–7], being also used to inventory biodiversity worldwide (www.
globalmalaise.org). However, for some hyperdiverse insect orders, in particular Hymenoptera
and Diptera, even experts will need several weeks to identify samples just to genus level. More-
over, it is often impossible to collaborate with dozens of taxonomists for multiple taxa [8]. Spe-
cies level keys are rare and/or difficult to use; moreover, they usually only deal with selected
groups of geographically restricted fauna making it difficult for non-specialists to identify the
specimens. One common way to bypass these problems is sending the specimens to taxonomic
specialists of particular groups, but this process is time consuming and depends on the avail-
ability of the person who will receive the material. It is also important to consider the damage
or loss risks of postage. Another impeditive factor is the lack of taxonomic expertise for certain
groups of insects, usually addressed as the “taxonomic impediment” [9–10]. To circumvent
these problems, supraspecific taxa or morphospecies sorting are often used in large surveys,
often resulting in highly inaccurate estimations of species diversity, however. More impor-
tantly, such data are high ambiguous and thus neither scientific nor sustainable [11–12].

High throughput DNA sequencing might here offer an alternative to generate more objec-
tive (i.e. checkable), globally accessible data. Some recent studies discussed the drawbacks
when using various gene markers (e.g. 18S, 16S, cytB) for biodiversity assessment of benthic
and marine ecosystems, whereas detection of OTUs was possible, a delineation of species was
not perfectly applicable due to lack of available marker libraries [13–15]. Especially for ecosys-
tems like soil or benthos the reference libraries are still not representative, whereas first pio-
neering studies analyzing selected taxa have been published [16–22]. Furthermore, the
necessity of generation and maintenance of individually barcoded and curated specimens in
museum collections to link metabarcoding sequences to species was discussed [23]. Within
this context the detection and identification of invasive alien species, which have their origin in
another less well curated origin, are also presented as disadvatages of metabarcoding studies
[24]. The use of next generation sequencing (NGS) within the DNA barcoding framework pro-
vides a promising tool to analyze extremely large amounts of specimens economically [25–31].

More than a decade after the onset of DNA barcoding [32], approximately 380,000 barcode
clusters have been uploaded to the Barcoding of Life Database (BOLD– www.boldsystems.org)
[33]. This reference library is particularly comprehensive for Central Europe, and in particu-
larly for Germany. Since 2009, two major barcoding initiatives were coordinated or supported
by scientists of the Bavarian State Collection of Zoology (ZSM, Munich, Germany): the Barcod-
ing Fauna Bavarica project (BFB– www.faunabavarica.de) and the German Barcode of Life
Project (GBOL– www.bolgermany.de). The German barcoding projects aim to assemble a
comprehensive DNA barcode library for all German animal species in the framework of the
International Barcode of Life (iBOL) campaign. For that purpose, scientists of the ZSM are
working in close cooperation with the Biodiversity Institute of Ontario (BIO, Guelph, Canada).
Until now, the German Barcode initiatives (BFB & GBOL) have generated a reference library
for more than 16,000 animal species, with focal groups being Coleoptera [34], bees [35], Neu-
roptera [36], Heteroptera [37], and Lepidoptera [38–39]. DNA barcoding relies on the exis-
tence of such comprehensive reference libraries of species identified and species hypotheses
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updated by expert taxonomists. In BOLD, similar CO1 barcode sequences are assigned a glob-
ally unique identifier (Barcode Index Number, BIN, [33, 40]). This system offers a suitable spe-
cies-group proxy, if taxonomic information is still lacking (e.g. for many Diptera).

Here, we aim to evaluate the comprehensiveness of the DNA Barcode reference library,
especially for Coleoptera, Diptera, Hymenoptera, and Lepidoptera using 120,000 DNA Barcode
sequences of species with a corresponding BIN in the BOLD database. We also tested the plau-
sibility of high confidence candidate BINs for species identification by applying four primers
targeting the CO1 fragment. Finally we also tested the importance of a pre-sorting process to
yield better species assessment.

Materials and Methods

Ethics and legal statements
Field work permits were issued by the responsible state environmental office of Bavaria [Bayer-
isches Staatsministerium für Umwelt und Verbraucherschutz, Munich, Germany, project:
“Barcoding Fauna Bavarica”, reference number 62e-U8645.8-2008/3-17]. The study sites com-
prise state forests, public land and protected areas. We confirm that the field studies for the
present contribution did not involve any protected species by European or national laws.

Collection locality
The malaise trap was set near Oberammergau in the Bavarian Alps and operated from 6th until
18th August 2014. It was situated at 1,010 meters elevation in an area covered by anthropogenic
nutrient poor grass vegetation (Nardetum) close to the edge of a mixed forest (47.61707°N
11.05900°E).

Taxon sampling & sorting
Samples were stored in 80% EtOH in a freezer until the insects from this trap were sorted to
ordinal level using a Leica MZ9.5 stereo microscope. After sorting, specimens were transferred
into 96% EtOH. The sorting of the ca. 5,000 specimens took about 60 hours, and contained
predominantly Coleoptera (ca. 500 specimens), Hymenoptera (ca. 1,500 specimens), and Dip-
tera (ca. 2,000 specimens). These highly represented orders were kept separated while the
orders represented by few specimens were combined in groups (Table 1, Fig 1).

Table 1. Arthropod orders sorted and combined by sample number.

Sample Number Arthropod order

1 Aranaea & Opiliones

2 Collembola

3 Dermaptera & Blattodea

4 Mecoptera & Neuroptera

5 Pscoptera

6 Trichoptera

7 Hemiptera

8 Coleoptera

9 Orthoptera

10 Lepidoptera

11 Hymenoptera

12 Diptera

13 Combined fraction of numbers 1–12

doi:10.1371/journal.pone.0155497.t001
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Fig 1. Visualization of the study workflow.

doi:10.1371/journal.pone.0155497.g001
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DNA extraction
DNA extraction was performed using the DNEasy tissue kit (Qiagen, Hilden–Germany). A
mixture of Proteinase K and lysis buffer was pre-mixed in different volumes to account for the
difference in the volume of the sorted specimens. To facilitate the contact between lysis buffer
and tissue, we briefly macerated the arthropods using sterilized forceps. Tissue lysis was per-
formed at 56°C for eight hours, and the samples were mixed by inverting about 10 times every
hour to improve the lysis buffer reaction. A total volume of between 150μL to 600μL of lysate
(depending on the number of specimens and their size in each sorted group) was used for
DNA extraction following the manufacturer’s specifications. In order to simulate an unsorted
sample, we mixed an aliquot of 20μL from each separately extracted group. Extracted DNA
was then sent to LGC Genomics (Berlin–Germany) for amplification and NGS analyses.

Amplification of CO1
We used 5ng of DNA extract for amplification of the barcoding region of the cytochrome c oxi-
dase subunit I gene (CO1). For PCR amplification, we used the MyTaq DNA Polymerase kit
(Bioline, Luckenwalde–Germany). For each reaction, 1.5U of MyTaq were pre-mixed with
20μL MyTaq buffer containing 15pmol of the forward and reverse primer, 2μL BioStabII PCR
Enhancer (Sigma Aldrich, St. Louis–United States) and 1μL DMSO. We used four different
amplicons targeting the CO1 gene (Table 2). For PCR of each DNA extract sample, a unique 8
base-barcode tag was used in the forward and reverse primer. DNA concentrations of amplified
amplicons were checked via agarose gel electrophoresis. Approximately 20ng of amplified PCR
product of each sample were transferred into amplicon-pools of up to 48 parallel samples. Sam-
ples yielding a lower amplicon concentration were amplified for another 5 cycles in an addi-
tional PCR reaction.

Next Generation Sequencing
Amplicon-pools were cleaned using a 1.2 fold volume of Ampurebeads (Beckman Coulter, Pasa-
dena, United States) to eliminate mispriming products, primer dimers and residual primers. To
remove protein residuals and to concentrate the amplicon-pool, samples were cleaned using a
MinElute column (Qiagen, Hilden, Germany). We used 100ng of the cleaned amplicon-pools for

Table 2. Primers and corresponding PCR conditions used in this study.

Amplicon Sequence Reference PCR conditions

Hco2198 5’—TAA ACT TCA GGG TGA
CCA AAA ATC A—3’

[47] 2’::94°C– 5x[30”:94°C– 40”:45°C– 1’:72°C]– 35x[30”:94°C– 40”:50°C– 1’:72°C]– 10’:72°C

Lco1490 5’—GGT CAA CAA ATC ATA
AAG ATA TTG G—3’

[47]

LepF 5’—ATT CAA CCA ATC ATA
AAG ATA TTG G—3’

[48] 2’:94°C– 5x[1’:94°C– 90”:45°C– 90”:72°C]– 35x[1’:93°C– 90”:50°C– 90”:72°C]– 10’:72°C

Nancy 5’—CCT GGT AAA ATT AAA
ATA TAA ACT TC—3’

[49]

miniF 5’—GAA AAT CAT AAT GAA
GGC ATG AGC—3’

[50] 2’:95°C– 5x[1’:95°C– 1’:46°C– 30”:72°C]– 35x[1’:95°C –1’:53°C– 30”:72°C]– 5’:72°C

miniR 5’—TCC ACT AAT CAC AAR
GAT ATT GGT AC—3’

[50]

dgHco 5’—TAA ACT TCA GGG TGA
CCA AAR AAY CA—3’

[14] 2‘:96°C– 3x[15‘‘:96°C– 30‘‘:48°C– 90‘‘:65°C]– 30x[15‘‘:96°C– 30‘‘:55°C—90‘‘:65°C]– 10’:72°C

mlCOIintF 5’—GGW ACW GGW TGA
ACW GTW TAY CCY CC—3’

[14]

doi:10.1371/journal.pone.0155497.t002

Malaise Trap Sample Identification Using NGS

PLOSONE | DOI:10.1371/journal.pone.0155497 May 18, 2016 5 / 14



construction of the Illumina libraries using the Ovation Rapid DRMultplex System 1–96 kit
(NuGEN, San Carlos, United States). Illumina libraries were size-selected via preparative gel elec-
trophoresis and subsequently sequenced on an Illumina MiSeq using V3 chemicals.

Pre-processing of sequence data
Sample data was obtained by sorting the paired sequence reads of each amplicon pool on the
individual sample inline barcode (present before the amplicon primer sequence). Subsequently,
the reads were screened for remnant sequencing adapter sequences and clipped accordingly.
Finally, all reads were filtered on the presence of valid primer sequence combinations and all
sequences are turned into the Fwd-Rev primer direction (as the direction of sequencing is ran-
dom). For the amplicons shorter than 570 base pairs (bp) the paired reads were combined into
single fragments with BBmerge v.34.48 (http://sourceforge.net/projects/bbmap/); for the longer
amplicons the forward and reverse reads were joined with extra Ns added between the
sequences to make up for the expected total length. All pre-processing steps described here
were carried out with proprietary software from LGC Genomics (LGC Genomics, Berlin, Ger-
many), unless where specific software packages are mentioned.

Sequence clustering
All nucleotide sequences obtained from all samples were clustered per amplicon with
CD-HIT-EST v4.6.1-2012-08-27 (http://www.ncbi.nlm.nih.gov/pubmed/23060610) on 98%
sequence identity. The most abundant sequences from each cluster were selected as representa-
tive sequences, and were used in all subsequent analyses.

Data processing and scoring
In order to create a database that combines the sequences with the respective BIN, we down-
loaded public and privileged sequences and specimen data of approximately 120,000 reliably
identified species of Coleoptera, Diptera, Hymenoptera and Lepidoptera from the BOLD proj-
ects of the BFB and GBOL projects. Sequences and corresponding BINs were merged in Micro-
soft Excel using the BOLD processID as unique identifier.

We created an input FASTA file to use it as a CUSTOM BLAST (options: Megablast, Results
as Hit table, Maximum Hits allowed 1) database in Geneious v8.0.3 (Biomatters, Auckland—
New Zealand). Consensus cluster sequences from each insect order amplified with the four
amplicons received from LGC Genomics were used as input files for the CUSTOM BLAST
search in Geneious. Results of the BLAST search were exported as a csv file and further pro-
cessed in Excel. We copied the BINs, the sequence identities and the query numbers from the
result table. This data was included to the results of sequence clusters detected in each group
sample (including the combined sample) for each amplicon. In order to account for sequencing
errors and within-species variations, we solely included BLAST results with a minimum of 97%
sequence identity for further analyses. We created four categories based on the sequence iden-
tity percentage to score the sequence identity confidence (Table 3).

Table 3. Categories of scoring according to the sequence identity percentage.

Interval Score

97.00–97.99% 70

98.00–98.99% 150

99.00–99.99% 240

100% 340

doi:10.1371/journal.pone.0155497.t003
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The results of each primer were scored and summed up to create an overall confidence
index for each BIN. The highest possible score is 1360 resulting of 100% sequence identity
match for all four primers used, whereas the lowest score is 70, in case a sequence with less
than 98% identity is detected only by one amplicon. To avoid including BINs with the lowest
confidence score for all amplicons (97%) yielding in 280 points, we eliminated all results with a
score lower than 300 points (Fig 2).

Results
The amplified PCR products (150–400 bp) resulted in 1.5 million sequences, out of which
5,500 sequence clusters (coverage�10; CD-HIT-EST, 98%) were obtained and blasted using
the CUSTOM BLAST against 120,000 DNA barcodes of reliably identified specimen, resulting

Fig 2. Examples of the scoring scheme used in this study. The upper Lepidopteran species (Erebia eriphyle, Fryer 1839) was not included into
further analyses, as its score summed up to only 220. The lower Hymenopteran species (Megastylus cruentator, Schiødte 1839) represents a “high
score BIN” with a total of 1260 points. Gradient code illustrates the used color for percentage values detected for each amplicon.

doi:10.1371/journal.pone.0155497.g002
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in the detection of a total of 529 BINs fitting the selection criterion of at least 97% sequence
identity (S1 Table, S2 Table, S1 Fig, S1 File). For Coleoptera we detected a total of 35 BINs, 31
(89%) of which were scored with more than 300 points. We detected a total of 339 BINs within
the Dipteran sample, 256 (75%) of which were scored with more than 300 points. A total of 43
Lepidopteran BINs was detected, 30 (70%) of them were scored with more than 300 points. For
Hymenoptera we were able to detect a total of 112 BINs, 73 (65%) of which reached a score
higher than 300 points. To summarize the results of the different amplicons, 390 of the BINs
were identified as “high score BINs” with a score� 300 points (another 139 BINs with a lower
score were excluded) (Fig 3). The dgHCO primer was most efficient for all orders, especially
for Coleoptera, Diptera and Hymenoptera. The second most efficient primer was HCO for all
orders studied. For Lepidoptera all four primers had similar efficiency (Table 4, Fig 4). The
primer efficiency was the same in the combined sample.

In order to discern BINs that could be identified without a time consuming pre-sorting pro-
cess, all BINs were detected and checked for sufficient score values and then compared with

Fig 3. Results of the four ordinal level sorted arthropod orders and the combined fraction.Magnifying glasses represent total number of detected
BINs, the Score� 300 symbol represents the total number of detected BINs with a score� 300 within the sample, the CS symbol represents number of
shared BINs within the single ordinal level sorted and the combined fraction.

doi:10.1371/journal.pone.0155497.g003

Table 4. Efficiency of amplicons used.

Hco dgHco miniBC LepF

Lepidoptera 28% 23% 25% 25%

Hymenoptera 33% 49% 5% 13%

Coleoptera 26% 43% 20% 11%

Diptera 23% 47% 17% 13%

total 26% 45% 16% 14%

Number of BINs (compared to the total) is displayed as percentage values.

doi:10.1371/journal.pone.0155497.t004
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the combined sample. A total of 309 BINs (59% of the previously detected 529 BINs in the
sorted samples) were detected in the combined sample, whereas 268 of these BINs had a score
of at least 300 points, corresponding to 69% of the 390 high score BINs detected within the var-
ious presorted fractions.

Discussion
Central to all comprehensive biodiversity assessments, is the ability to monitor species compo-
sitions of bulk samples in an efficient, accurate and cost effective way [41]. The development of
such tool is vastly needed and is becoming more and more important as the detection of certain
bio-indicators or invasive species is crucial [13–15, 30, 42–44]. Although such a tool for fast
and high throughput analysis is urgently required for various fields of applications (such as
environmental DNA surveys, soil compositions, faeces, detection of food compositions, river
benthos analysis, as well as zooplankton, phytolankton and benthos from the marine realm),
compiling a complete list of all species represented in a bulk sample remains a challenging task
for several reasons. Malaise traps are a common tool for monitoring ecosystem compositions

Fig 4. Primer efficiency for CO1 amplification of the four ordinal level sorted arthropod orders.

doi:10.1371/journal.pone.0155497.g004
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such as arthropod biodiversity, but the sheer amount of specimens collected in addition to lack
of taxonomists to identify the material in an applicable level makes it very time consuming.
That is why some studies are forced to use parataxonomic approaches to overcome those diffi-
culties. Facing this situation NGS appears as an alternative to speed up the conventional pro-
cess of ecological investigations, individual specimen isolation and identification, thus allowing
a more precise biodiversity estimation of multiple taxa in a bulk mixture [31].

In regions such as Central Europe, where comprehensive DNA libraries for many taxa are
available and identification of species using BINs is applicable for the local fauna (see for recent
local fauna Barcoding studies: [35–39, 45–46]) the procedure of species delineation in a bulk
sample using NGS is a suitable instrument.

Using four primers targeting the CO1 barcode region and applying the scoring matrix intro-
duced in this study, we were able to check multiple results for the detected BINs resulting in a
high level of certainty. Although NGS comprises a fast and efficient tool for monitoring biodi-
versity within a bulk sample, the use of only one primer could lead to insufficient results. All
BINs that were detected with less than 100% sequence identity match for one primer needed to
be recovered with at least two primers (e.g. having 99% for one primer and 97% for a second
one) in order to reach the minimum score of 300 points, enhancing the robustness of each
detected BIN. By checking the BINs with score values lower than 300 points, we mostly discov-
ered species within these low score BINs, which are not typical for this habitat type (e.g. warm
loving species, alpine species; e.g. Pelosia obtusa, Herrich-Schäffer, 1847) or non-local species
(from Austria, Switzerland or France; e.g. Euchloe sp.). These findings underline the benefits of
the use of multiple primers and the scoring system.

In this study we tried to quantify necessity of presorting samples to accurate BIN identifica-
tion, we compared the results from a presorted sample to that of an unsorted sample. By incor-
porating the presorting step, we were able to recover 390 high score BINs, representing 31%
more than the 268 high score BINs recovered in the combined sample (Fig 2). Despite the
advantage of increased capture efficiency, the presorting procedure requires time and at least
parataxonomic expertise to be done properly. Therefore, the decision of presorting for a mass
sample should be made depending on the expected diversity of taxa, the availability of time,
personnel and funding. As discussed before, the fact that the combined sample resulted in
fewer high score BINs than the sorted sample, could be attributed to the number of reads and
the amount of DNA in the combined sample in comparison to the presorted groups.

Another artifact that could have caused the difference in number of high score BINs identi-
fied is the uneven sequencing of the different types of samples. An equal number of 120,000
reads per amplicon (rpa) was performed for each group (Coleoptera, Diptera, Lepidoptera,
Hymenoptera and the combined sample), resulting in a total of 480,000 rpa for the sorted sam-
ples, whereas only a total of 120,000 rpa for the combined sample were produced. As the com-
bined sample was comprised of eight additional arthropod groups, the massive amount of
target DNA could cause effects of primer competition resulting in a smaller read capacity pro-
portional to DNA diversity. That could explain the differences between the amount of BINs
found with and without sorting. Clearly, the advantage and effectiveness of the presorting pro-
cedure needs further and more explicit testing.

One factor that should also be considered is the various relatives amount of DNA extracted
from each individual within a trap sample, which differ enormously in body size, for example
large bumblebees (Bombus) versus tiny fairy flies (Mymaridae). The different amount of DNA
available to be amplified in every single PCR reaction is very likely to influence the outcome of
the NGS experiments [15]. Therefore, although we had visual confirmation of a big diversity of
small specimens (e.g. Microhymenoptera), this diversity was not detected in either of the sam-
ples (presorted or combined). If a sorting by body size is responsible for this effect or if this
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might have other related issues as primer specification needs to be addressed in a future experi-
ment. No size separation was performed here, as the goal of this study was to compare the
effects of presorting versus no sorting and to test primer efficiency of the four amplicons used.

Conclusions & Outlook
As also shown in other recent studies, NGS techniques provide a fast and cost efficient way to
sequence thousands of specimens at once [25–31]. The novel scoring matrix introduced here
provides a fast, efficient and reliable method to process malaise trap samples using NGS sequenc-
ing, as it increases the plausibility for each identified CO1 species cluster using four amplicons.
The results indicate that if time, money, and personnel are limited, the presorting procedure can
be excluded, if this is economically necessary. Some technical issues should be observed for future
study designs. The amount of required reads for sufficient sampling should be planned ade-
quately and proportionally taking into account different types and concentrations of DNA within
different samples. If the specimens are sufficiently different in size, a procedure of sorting by size
is recommended, to normalize the amount DNA contributed by each specimen in the extracts.

The diversity we here recovered using the NGS approach mostly agrees with the expected
diversity estimates, conducted by the coauthors and their high experience of this kind of envi-
ronment. The results of the NGS experiments underline the comprehensiveness for of the
DNA Barcoding library for most groups studied here. We only invested approximately 14 man
working days for the whole process of pre-sorting, laboratory work and data analysis, a small
amount of work compared to the time necessary to carry out traditional alpha taxonomical
methodologies. Furthermore, having a robust and comprehensive reference library at hand
facilitates a precise delineation of species diversity in relation to the parataxonomic approach.
All in all, we have demonstrated that comprehensive biodiversity assessments can be achieved
accurately, efficiently and cost effectively through the use of NGS and thoughtful experimental
design. However, additional future investigations with a more extensive study design, more
malaise traps and a higher level of presorting efforts would be beneficial to improve the meth-
ods reported in this study.

Supporting Information
S1 Fig. Percentages of insect families discovered in the malaise trap sample.
(TIF)

S1 File. NGS data and Results.
(ZIP)

S1 Table. List of Barcode Index Numbers (BINs) detected for each insect order. The score
of each BIN as well as the detection within the sorted and/or the combined sample are indi-
cated.
(DOCX)

S2 Table. List of all families per insect order studied and number of family representatives
detected for each order.
(DOCX)

Author Contributions
Conceived and designed the experiments: JM BCA AL. Performed the experiments: JM BCA
AL BF SA. Analyzed the data: JM BCA AL BF SA. Contributed reagents/materials/analysis
tools: JM BCA. Wrote the paper: JM BCA AL BF SA AH LH SS MB DD GH.

Malaise Trap Sample Identification Using NGS

PLOSONE | DOI:10.1371/journal.pone.0155497 May 18, 2016 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155497.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155497.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155497.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155497.s004


References
1. Hilty J., & Merenlender A. (2000). Faunal indicator taxa selection for monitoring ecosystem health. Bio-

logical conservation, 92(2), 185–197.

2. Medeiros M. J., Eiben J.A., Haines W. P., Kaholoaa R. L., King C. B. A., et al. (2013). The Importance
of Insect Monitoring to Conservation Actions in Hawaii. Proceedings of the Hawaiian Entomological
Society, 45,149–166.

3. Rosenberg D.M., Hanks H.V. & Lehmkuhl D.M. (1986). Importance of insects in environmental impact
assessment. Environmental Management, 10, 773–783.

4. Marinoni R. C. & Dutra R. R. C. (1997). Famílias de Coleoptera capturadas com armadilha malaise em
oito localidades do Estado do Paraná, Brasil. Diversidades alfa e beta. Revista Brasileira de Zoologia,
Curitiba, 14 (3), 751–770.

5. Vas J., Markó V., Ábrahám L. &Mészáros Z. (2000). Study of Neuropteroidea (Raphidioptera, Neurop-
tera) communities by using Malaise traps in an untreated orchard and its environment. Acta Phyto-
pathologica et Entomologica Hungarica, 36, 115–122.

6. Ganho N. G. & Marinoni R. C. (2003) Fauna de Coleoptera no Parque Estadual de Vila Velha, Ponta
Grossa, Paraná, Brasil. Abundância e riqueza das famílias capturadas através de armadilhas malaise.
Revista Brasileira de Zoologia, 20 (4): 727–736.

7. Aguiar A. P. & Santos B. F. (2010). Discovery of potent, unsuspected sampling disparities for Malaise
and Möricke traps, as shown for Neotropical Cryptini (Hymenoptera, Ichneumonidae). Journal of Insect
Conservation, 14, 199–206.

8. Azevedo C. O., Dal Molin A., Penteado-Dias A., Macedo A. C. C., Rodriguez V., et al. (2015). Checklist
of the genera of Hymenoptera (Insecta) from Espírito Santo state, Brazil. Boletim do Museu de Biologia
Mello Leitão, 37, 313–343.

9. Vane-Wright R. I., Smith C. R. & Kitching I. J. (1994). Systematic assessment of taxic diversity by sum-
mation. Systematics Association Special Volume, 50, 309–309.

10. Hausmann A., Parisi F. & Sciarretta A. (2015): The geometrid moths of Ethiopia I: tribes Pseudoterpnini
and Comibaenini (Lepidoptera: Geometridae, Geometrinae). Zootaxa 3768 (4): 460–468; doi: 10.
11646/zootaxa.3768.4.4

11. Krell F. T. (2004). Parataxonomy vs. taxonomy in biodiversity studies–pitfalls and applicability of ‘mor-
phospecies’ sorting. Biodiversity & Conservation, 13(4), 795–812.

12. Tänzler R., Sagata K., Surbakti S., Balke M. & Riedel A. (2012). DNA Barcoding for Community Ecol-
ogy—How to Tackle a Hyperdiverse, Mostly Undescribed Melanesian Fauna. PLoS ONE 7(1):
e28832. doi: 10.1371/journal.pone.0028832 PMID: 22253699

13. Leray M. & Knowlton N. (2015). DNA barcoding and metabarcoding of standardized samples reveal
patterns of marine benthic diversity. Proceedings of the National Academy of Sciences 112(7), 2076–
2081.

14. Leray M., Yang J. Y., Meyer C. P., Mills S. C., Agudelo N., et al. (2013). A new versatile primer set tar-
geting a short fragment of the mitochondrial COI region for metabarcoding metazoan diversity: applica-
tion for characterizing coral reef fish gut contents. Frontiers in Zoology, 10(1), 34.

15. Mohrbeck I., Raupach M. J., Arbizu P. M., Knebelsberger T., & Laakmann S. (2015). High-Throughput
Sequencing—The Key to Rapid Biodiversity Assessment of Marine Metazoa? PLoS ONE, 10 (10),
e0140342. doi: 10.1371/journal.pone.0140342 PMID: 26479071

16. Hogg I. D., & Hebert P. D. (2004). Biological identification of springtails (Hexapoda: Collembola) from
the Canadian Arctic, using mitochondrial DNA barcodes. Canadian Journal of Zoology, 82(5), 749–
754.

17. Young M. R., Behan-Pelletier V. M., & Hebert P. D. (2012). Revealing the hyperdiverse mite fauna of
subarctic Canada through DNA barcoding. PLoS ONE, 7(11), e48755. doi: 10.1371/journal.pone.
0048755 PMID: 23133656

18. Porco D., Skarżyński D., Decaëns T., Hebert P. D., & Deharveng L. (2014). Barcoding the Collembola
of Churchill: a molecular taxonomic reassessment of species diversity in a sub-Arctic area. Molecular
ecology resources, 14(2), 249–261. doi: 10.1111/1755-0998.12172 PMID: 24112538

19. Raupach M. J., Barco A., Steinke D., Beermann J., Laakmann S., et al. (2015). The application of DNA
barcodes for the identification of marine crustaceans from the North Sea and adjacent regions. PLoS
ONE, 10(9), e0139421. doi: 10.1371/journal.pone.0139421 PMID: 26417993

20. Barco A., Raupach M. J., Laakmann S., Neumann H., & Knebelsberger T. (2016). Identification of
North Sea molluscs with DNA barcoding. Molecular ecology resources, 16(1), 288–297. doi: 10.1111/
1755-0998.12440 PMID: 26095230

Malaise Trap Sample Identification Using NGS

PLOSONE | DOI:10.1371/journal.pone.0155497 May 18, 2016 12 / 14

http://dx.doi.org/10.11646/zootaxa.3768.4.4
http://dx.doi.org/10.11646/zootaxa.3768.4.4
http://dx.doi.org/10.1371/journal.pone.0028832
http://www.ncbi.nlm.nih.gov/pubmed/22253699
http://dx.doi.org/10.1371/journal.pone.0140342
http://www.ncbi.nlm.nih.gov/pubmed/26479071
http://dx.doi.org/10.1371/journal.pone.0048755
http://dx.doi.org/10.1371/journal.pone.0048755
http://www.ncbi.nlm.nih.gov/pubmed/23133656
http://dx.doi.org/10.1111/1755-0998.12172
http://www.ncbi.nlm.nih.gov/pubmed/24112538
http://dx.doi.org/10.1371/journal.pone.0139421
http://www.ncbi.nlm.nih.gov/pubmed/26417993
http://dx.doi.org/10.1111/1755-0998.12440
http://dx.doi.org/10.1111/1755-0998.12440
http://www.ncbi.nlm.nih.gov/pubmed/26095230


21. Lobo J., Teixeira M. A., Borges L., Ferreira M. S., Hollatz C., et al. (2016). Starting a DNA barcode refer-
ence library for shallow water polychaetes from the southern European Atlantic coast. Molecular ecol-
ogy resources, 16(1), 298–313. doi: 10.1111/1755-0998.12441 PMID: 26129849

22. Borges L. M., Hollatz C., Lobo J., Cunha A. M., Vilela A. P., et al. (2016). With a little help from DNA bar-
coding: investigating the diversity of Gastropoda from the Portuguese coast. Scientific reports, 6.

23. Critescu M., E. (2014). From barcoding single individuals to metabarcoding biological communities:
towards an integrative approach to the study of global biodiversity. Trends in Ecology & Evolution, 29
(10):566–71

24. Ji Y., Ashton L., Pedley S. M., Edwards D. P., Tang Y., et al. (2013). Reliable, verifiable and efficient
monitoring of biodiversity via metabarcoding. Ecology letters, 16(10), 1245–1257. doi: 10.1111/ele.
12162 PMID: 23910579

25. Baird D. J. & Hajibabaei M. (2012). Biomonitoring 2.0: a new paradigm in ecosystem assessment made
possible by next‐generation DNA sequencing. Molecular Ecology, 21(8), 2039–2044. PMID:
22590728

26. Hajibabaei M., Shokralla S., Zhou X., Singer G. A. & Baird D. J. (2011). Environmental barcoding: a
next-generation sequencing approach for biomonitoring applications using river benthos. PLoS ONE,
6(4), e17497. doi: 10.1371/journal.pone.0017497 PMID: 21533287

27. Hajibabaei M., Spall J. L., Shokralla S. & van Konynenburg S. (2012). Assessing biodiversity of a fresh-
water benthic macroinvertebrate community through non-destructive environmental barcoding of DNA
from preservative ethanol. BMC Ecology, 12(1), 28.

28. Shokralla S., Spall J. L., Gibson J. F. & Hajibabaei M. (2012). Next-generation sequencing technologies
for environmental DNA research. Molecular Ecology, 21(8), 1794–1805. doi: 10.1111/j.1365-294X.
2012.05538.x PMID: 22486820

29. Yu D. W., Ji Y., Emerson B. C., Wang X., Ye C., et al. (2012). Biodiversity soup: metabarcoding of
arthropods for rapid biodiversity assessment and biomonitoring. Methods in Ecology and Evolution, 3:
613–623. doi: 10.1111/j.2041-210X.2012.00198.x

30. CarewM. E., Pettigrove V. J., Metzeling L., & Hoffmann A. A. (2013). Environmental monitoring using
next generation sequencing: rapid identification of macroinvertebrate bioindicator species. Frontiers in
zoology, 10(1), 1.

31. Gibson J., Shokralla S., Porter T. M., King I., van Konynenburg S., et al. (2014). Simultaneous assess-
ment of the macrobiome and microbiome in a bulk sample of tropical arthropods through DNAmetasys-
tematics. Proceedings of the National Academy of Sciences, 111(22), 8007–8012.

32. Hebert P. D., Ratnasingham S. & deWaard J. R. (2003). Barcoding animal life: cytochrome c oxidase
subunit 1 divergences among closely related species. Proceedings of the Royal Society of London B:
Biological Sciences, 270(Suppl 1), S96–S99.

33. Ratnasingham S. & Hebert P. D. (2007). BOLD: The Barcode of Life Data System (http://www.
barcodinglife.org). Molecular Ecology Notes, 7(3), 355–364. PMID: 18784790

34. Hendrich L., Morinière J., Haszprunar G., Hebert P. D., Hausmann A., et al. (2014). A comprehensive
DNA barcode database for Central European beetles with a focus on Germany: adding more than 3500
identified species to BOLD. Molecular Ecology Resources 12/2014; 15(4). doi: 10.1111/1755-0998.
12354

35. Schmidt S., Schmid-Egger C., Morinière J., Haszprunar G. & Hebert P. D. (2015). DNA barcoding
largely supports 250 years of classical taxonomy: identifications for Central European bees (Hymenop-
tera, Apoidea partim). Molecular Ecology Resources 01/2015; 15(4). doi: 10.1111/1755-0998.12363

36. Morinière J., Hendrich L., Hausmann A., Hebert P., Haszprunar G., et al. (2014). Barcoding Fauna
Bavarica: 78% of the Neuropterida fauna barcoded!. PLoS ONE 10/2014; 9(10):e109719. doi: 10.
1371/journal.pone.0109719 PMID: 25286434

37. Raupach M. J., Hendrich L., Küchler S. M., Deister F., Morinière J. et al. (2014). Building-up of a DNA
barcode library for true bugs (Insecta: Hemiptera: Heteroptera) of Germany reveals taxonomic uncer-
tainties and surprises. PLoS ONE 09/2014; 9(9):e106940. doi: 10.1371/journal.pone.0106940 PMID:
25203616

38. Hausmann A., Haszprunar G. & Hebert P. D. (2011a). DNA barcoding the geometrid fauna of Bavaria
(Lepidoptera): successes, surprises, and questions. PLoS ONE, 6(2), e17134. doi: 10.1371/journal.
pone.0017134 PMID: 21423340

39. Hausmann A., Haszprunar G., Segerer A. H., Speidel W., Behounek G. et al. (2011b). Now DNA-bar-
coded: the butterflies and larger moths of Germany. Spixiana, 34(1), 47–58.

40. Ratnasingham S. & Hebert P. D. (2013). A DNA-based registry for all animal species: The Barcode
Index Number (BIN) System. PLoS ONE, 8(7), e66213. doi: 10.1371/journal.pone.0066213 PMID:
23861743

Malaise Trap Sample Identification Using NGS

PLOSONE | DOI:10.1371/journal.pone.0155497 May 18, 2016 13 / 14

http://dx.doi.org/10.1111/1755-0998.12441
http://www.ncbi.nlm.nih.gov/pubmed/26129849
http://dx.doi.org/10.1111/ele.12162
http://dx.doi.org/10.1111/ele.12162
http://www.ncbi.nlm.nih.gov/pubmed/23910579
http://www.ncbi.nlm.nih.gov/pubmed/22590728
http://dx.doi.org/10.1371/journal.pone.0017497
http://www.ncbi.nlm.nih.gov/pubmed/21533287
http://dx.doi.org/10.1111/j.1365-294X.2012.05538.x
http://dx.doi.org/10.1111/j.1365-294X.2012.05538.x
http://www.ncbi.nlm.nih.gov/pubmed/22486820
http://dx.doi.org/10.1111/j.2041-210X.2012.00198.x
http://www.barcodinglife.org
http://www.barcodinglife.org
http://www.ncbi.nlm.nih.gov/pubmed/18784790
http://dx.doi.org/10.1111/1755-0998.12354
http://dx.doi.org/10.1111/1755-0998.12354
http://dx.doi.org/10.1111/1755-0998.12363
http://dx.doi.org/10.1371/journal.pone.0109719
http://dx.doi.org/10.1371/journal.pone.0109719
http://www.ncbi.nlm.nih.gov/pubmed/25286434
http://dx.doi.org/10.1371/journal.pone.0106940
http://www.ncbi.nlm.nih.gov/pubmed/25203616
http://dx.doi.org/10.1371/journal.pone.0017134
http://dx.doi.org/10.1371/journal.pone.0017134
http://www.ncbi.nlm.nih.gov/pubmed/21423340
http://dx.doi.org/10.1371/journal.pone.0066213
http://www.ncbi.nlm.nih.gov/pubmed/23861743


41. Heywood, V. H. (1995). 1 Global Biodiversity Assessment.

42. Myers N., Mittermeier R. A., Mittermeier C. G., Da Fonseca G. A., & Kent J. (2000). Biodiversity hot-
spots for conservation priorities. Nature, 403(6772), 853–858. PMID: 10706275

43. Berec L., Kean J. M., Epanchin-Niell R., Liebhold A. M. & Haight R. G. (2015). Designing efficient sur-
veys: spatial arrangement of sample points for detection of invasive species. Biological Invasions, 17
(1), 445–459.

44. Lejzerowicz F., Esling P., Pillet L., Wilding T. A., Black K. D., et al. (2015). High-throughput sequencing
and morphology perform equally well for benthic monitoring of marine ecosystems. Scientific reports,
5: 13932. doi: 10.1038/srep13932 PMID: 26355099

45. Pentinsaari M., Hebert P. D. N. & Mutanen M. (2014). Barcoding Beetles: A Regional Survey of 1872
Species Reveals High Identification Success and Unusually Deep Interspecific Divergences. PLoS
ONE 09/2014; 9(9):e108651. doi: 10.1371/journal.pone.0108651 PMID: 25255319

46. Rougerie R., Lopez-Vaamonde C., Barnouin T., Delnatte J., Moulin N., et al. (2015). PASSIFOR: A ref-
erence library of DNA barcodes for French saproxylic beetles (Insecta, Coleoptera). Biodiversity data
journal 03/2015; 3:e4078. doi: 10.3897/BDJ.3.e4078 PMID: 25829855

47. Folmer O., Black M., HoehW., Lutz R. & Vrijenhoek R. (1994). DNA primers for amplification of mito-
chondrial cytochrome C oxidase subunit I from diverse metazoan invertebrates. Molecular Marine Biol-
ogy and Biotechnology, 3, 294–299. PMID: 7881515

48. Hebert P. D. N., Penton E. H., Burns J. M., Janzen D. H., HallwachsW. (2004) Ten species in one:
DNA barcoding reveals cryptic species in the neotropical skipper butterfly Astraptes fulgerator. Pro-
ceedings of the National Academy of Sciences of the United States of America, 101, 14812–14817.
PMID: 15465915

49. Silva-Brandão K. L., Wahlberg N., Francini R. B., Azeredo-Espin A. M. L., Brown K. S., et al. (2008).
Phylogenetic relationships of butterflies of the tribe Acraeini (Lepidoptera, Nymphalidae, Heliconiinae)
and the evolution of host plant use. Molecular Phylogenetics and Evolution, 46(2), 515–531. doi: 10.
1016/j.ympev.2007.11.024 PMID: 18191590

50. Meusnier I., Singer G. A., Landry J. F., Hickey D. A., Hebert P. D., et al. (2008). A universal DNAmini-
barcode for biodiversity analysis. BMC genomics, 9(1), 214.

Malaise Trap Sample Identification Using NGS

PLOSONE | DOI:10.1371/journal.pone.0155497 May 18, 2016 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/10706275
http://dx.doi.org/10.1038/srep13932
http://www.ncbi.nlm.nih.gov/pubmed/26355099
http://dx.doi.org/10.1371/journal.pone.0108651
http://www.ncbi.nlm.nih.gov/pubmed/25255319
http://dx.doi.org/10.3897/BDJ.3.e4078
http://www.ncbi.nlm.nih.gov/pubmed/25829855
http://www.ncbi.nlm.nih.gov/pubmed/7881515
http://www.ncbi.nlm.nih.gov/pubmed/15465915
http://dx.doi.org/10.1016/j.ympev.2007.11.024
http://dx.doi.org/10.1016/j.ympev.2007.11.024
http://www.ncbi.nlm.nih.gov/pubmed/18191590

