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Abstract

Metamorphosing insects often have complex and poorly known life histories. In

particular, what they feed on during their larval stages remains unknown for the vast

majority of species, and its documentation only results from difficult and time-intensive

field observations, rearing or dissections. Through the application of a DNA analysis of

gut contents in adult parasitoid wasps, we were able to selectively sequence a diagnostic

DNA marker that permitted the identification of the host used by these wasps during

their larval stages. By reproducing these results in species with different life histories, we

excluded other potential sources of host DNA, confirming that after ingestion by the

parasitoid larva the host DNA can persist through metamorphosis in the abdominal

contents of the adult wasp. Our discovery considerably extends the applicability of

molecular analysis of gut contents by enabling the documentation of food used by

insects during their larval stages and thus increasing the accuracy and precision of food

web studies. The 24% success rate of our approach is surprisingly high considering the

challenging context for host DNA preservation, and we discuss the factors possibly

affecting this rate. We propose molecular analysis of parasitoid linkages (MAPL) as a

new method to document host–parasitoid associations at a faster pace and with

unrivalled precision. Because of the key regulatory role of parasitoid wasps in

ecosystems, which makes them the most commonly used biological control agents,

MAPL will have immediate applications in both basic and applied biological sciences.
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Introduction

The predator–prey relationships of insects are among

the most poorly documented links of terrestrial food

webs. In any given terrestrial environment, their alpha

diversity is often several orders of magnitude higher

than any other group of animals. Our understanding of

the variety of services they provide and of the complex-

ity of their interrelationships is at best rudimentary.

Among insects, the parasitoid wasps are involved in

highly complex, yet poorly understood, networks of

relationships with their host species (Godfray 1994). We

regularly seek to exploit these relationships and regu-

late the populations of herbivorous insects (Eveleigh

et al. 2007), through the biological control of pest or

invasive species using monophagous parasitoid species.

However, our understanding of host–parasitoid rela-

tionships is generally poor, and this impediment is

accentuated by a considerable deficit in the necessary

taxonomic knowledge. As a typical example, in a recent

tropical survey of parasitoid wasps, Smith et al. (2008)

showed that 95% of the species are likely to be unde-

scribed and that most of them are highly host specific, a
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result contrasting with previous assumptions of fewer

species with generalist feeding behaviour (polypha-

gous). This scenario of currently unappreciated diver-

sity is not restricted to the tropics (Smith et al. 2009),

and a new paradigm is emerging regarding the preva-

lence of specialist vs. generalist parasitoid wasp spe-

cies—the latter is not as common as is frequently

thought. It appears that the molecular characterization

of evolutionary units and ultimately DNA-assisted tax-

onomy represent the most appropriate way to reliably

assess species richness in these megadiverse groups. In

this context, we investigated how molecular analysis of

gut contents, a powerful emergent technique to unravel

food webs (Sheppard & Harwood 2005; King et al.

2008; Dunshea 2009), could offer an alternative solution

to the time-consuming rearing experiments or repeated

field observations traditionally required to document

host–parasitoid relationships. Rearing experiments usu-

ally require decades of effort to deliver detailed insights

at a local scale (Eveleigh et al. 2007; Smith et al. 2008;

Janzen et al. 2009), and this ultimately impedes the eco-

logical feedback into large-scale biodiversity surveys

(Smith et al. 2009). Thus far, the use of molecular meth-

ods to link parasitoid wasps and their hosts has been

primarily limited to detection purposes, that is targeting

parasitoid DNA within the host through the use of spe-

cific primers (Weathersbee et al. 2004; Gariepy et al.

2007, 2008; Traugott & Symondson 2008). Such an

approach generally requires a priori knowledge of the

identities of both the parasitoid and its host, a situation

largely inapplicable in the field. Here, we propose to

use the DNA extract derived from the abdomen of the

adult wasp to identify both the wasp and the host it

used to complete its larval development. If successful,

when collecting an adult parasitoid wasp whose host is

completely unknown, this approach would permit host

identification simply by analysing the wasp’s guts,

assuming that host DNA does persist through meta-

morphosis in its abdominal contents. Adult parasitoid

wasps are generally nectar feeders (Jervis et al. 1992,

1993), a biological trait that fortuitously precludes ‘‘con-

tamination’’ of gut contents by secondary predation,

although feeding on nonhost prey by females of synovi-

genic species is known and could possibly impede the

use of our approach in some cases.

We focused our work in identifying a primer set likely

to amplify degraded, semi-digested DNA (Greenstone

et al. 2007) targeting a short DNA fragment that would

show near-universal binding in the main groups of hosts

(Lepidoptera and Diptera), while being near-universally

exclusive for parasitoid wasps. Because this DNA frag-

ment must be species diagnostic, we selected a short

fragment in the COI mitochondrial gene region used as a

standard ‘‘DNA barcode’’ for species-level identification

in animals (Hebert et al. 2003b). Additionally, the ongo-

ing development of large reference libraries of DNA bar-

codes for both parasitoids and their hosts (Smith et al.

2008, 2009; Hebert et al. 2010) makes our approach

immediately applicable. In this work, we used three spe-

cies of wasps with distinct life histories to establish

whether host DNA persisted through metamorphosis or

whether host tissues ingested during or after the emer-

gence of the adult wasp are a required source of host

DNA for our approach to be successful. All three species

were reared or collected from previously identified

hosts, so that the results of the gut content analysis can

be controlled and confirmed unambiguously.

Materials and methods

Primer selection

DNA barcoding campaigns, focusing on a standard

DNA fragment for species identification across a broad

range of taxa, require the development of near-univer-

sal primers (Hajibabaei et al. 2005). The tens of thou-

sands of specimens processed at the Canadian Centre

for DNA Barcoding (CCDB) for ongoing large-scale

campaigns targeting parasitoid wasps (currently 68 400

records on the Barcode of Life Data Systems (BOLD)

(Ratnasingham & Hebert 2007) 1) and two major groups

of their hosts—Diptera and Lepidoptera (currently

87 340 and 497 200 BOLD records, respectively)—consti-

tute a unique source of empirical data documenting pri-

mer amplification success. For this study, the reverse

primer MLepR1 [initially named MH-MR1 (Hajibabaei

et al. 2006a)] frequently used at the CCDB (used in

39 156 PCR run at the CCDB by 5 September 2010) was

thought to represent an ideal candidate because of its

unique properties: (i) when used in conjunction with

forward primer LepF1 (Hajibabaei et al. 2006a), it uni-

versally amplifies a 307-bp fragment of the barcode

region in Diptera and Lepidoptera (Table 1); and (ii) by

contrast, in Hymenoptera this primer was known to

have very low affinity with the homologous binding

site, and it has been systematically replaced by another

oligomere in DNA barcoding studies (Smith et al. 2005,

2008). Matching the required properties—short length,

species-diagnostic amplicon, host universal and parasit-

oid exclusive—the pair LepF1 ⁄MLepR1 was selected to

target host DNA in adult parasitoid wasps’ guts.

In silico comparison of primer fit

For comparison of the fit between the primer MLepR1

and its binding site in parasitoid wasps and in their

hosts, we assembled through BOLD three data sets

based on publicly available sequences on GenBank for
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(i) six major families of parasitoid wasps (342 species in

186 genera, see Supporting Information Table S1); (ii)

Lepidoptera (2711 species in 831 genera representing 42

families); and (iii) Diptera (1990 species in 417 genera

representing 48 families). Sequences with ambiguous

base calls in the binding region were excluded from the

analysis. The nucleotide diversity for each locus of the

binding site of MLepR1 was calculated using DNASP

version 5.10.00 (Librado & Rozas 2009). The comparison

of primer fit and the measure of nucleotide diversity

was carried out both for the full data set described ear-

lier and for a subset of the GenBank sequences limited

to one species per genus to exclude the possibility that

densely sampled genera may overestimate the conserva-

tion of sites along the binding region of MLepR1.

Test of MLepR1 amplification success in parasitoid
wasps

We used available DNA extracts from a selection of 297

parasitoid wasps (Table S3) collected as part of the

PROBE campaign in Churchill (Manitoba, Canada)

between 2006 and 2008. One half of these samples were

part of a published study (Smith et al. 2009), and the

other half resulted from the continued efforts to inven-

tory the biota of this region. The DNA extraction proto-

col was identical for all samples (Smith et al. 2009).

These wasps belong to eight subfamilies within two

families, the Braconidae and Ichneumonidae (Table S3).

Because of the strong taxonomic impediment affecting

these insects, most species remain unidentified; though,

morphological study and genetic divergences suggest

that this data set encompasses more than 90 distinct

species within more than 20 genera. The selected wasps

have all been successfully sequenced for the barcode

region of COI at the CCDB using the primer pairs

LepF1 ⁄LepR1 targeting the full-length DNA barcode

(658 bp), or alternatively LepF1 ⁄C_ANTMR1D, MLepF1 ⁄

LepR1 and RonMWaspDeg_t1 ⁄LepR1 targeting shorter

sequences (see Smith et al. (2009) for detailed protocols).

Sequences of all primers used are available at http://

www.boldsystems.org/views/primerlist.php2 . The proto-

cols used for these wasps are standard high-throughput

protocols used routinely at the CCDB (available here:

http://www.dnabarcoding.ca/pa/ge/research/proto-

cols). We carried out polymerase chain reactions (PCR)

for these 297 samples with the primer pair LepF1 ⁄M-

LepR1 in 12.5 lL reaction volumes containing 2.5 mM

MgCl2, 1.25 pM of each primer, 50 lM dNTPs, 10 mM

Tris–HCl (pH 8.3), 50 mM KCl, 10–20 ng (1–2 lL) of

genomic DNA and 0.3 U of Taq DNA polymerase (Plati-

num Taq DNA polymerase; Invitrogen). The thermocy-

cling profile consisted in one initial denaturation step of

1 min at 94 �C, followed by five cycles of 40 s at 94 �C,

40 s at 45 �C and 1 min at 72 �C, followed by 35 cycles

of 40 s at 94 �C, 40 s at 51 �C and 1 min at 72 �C, with a

final extension step of 5 min at 72 �C. Products were

visualized on a 2% agarose E-Gel 96-well system (Invi-

trogen), and unpurified samples revealing faint to strong

bands were cycle sequenced unidirectionally (with pri-

mer LepF1) in 10 lL reaction volumes containing:

0.25 lL of BigDye v3.1, 1.875 lL of 5· ABI sequencing

buffer, 5 lL of 10% trehalose, 1 lL of 10 lM primer,

0.875 lL of ultrapure water and 1 lL of PCR product.

The following thermocycling profile was used: initial

denaturation at 96 �C for 2 min, followed by 30 cycles of

96 �C for 30 s, annealing at 55 �C for 15 s and extension

at 60 �C for 4 min. Sequence reads were generated on an

ATBI 3730xl DNA Analyser (Applied Biosystems) after

clean-up with Sephadex (Sigma-Aldrich). Sequences

were trimmed and edited in Sequencher version 4.0.5

(Gene Codes) and subsequently identified by searching

for best matches using the identification engine of BOLD

(http://www.barcodinglife.com/views/idrequest.php),

querying for every COI barcode record in the database

with a minimum length of 500 bp.

Detection of host DNA from gut content analysis of
reared parasitoid wasps

To test for the detection of host DNA within the gut

contents of parasitoid wasps, we gathered reared speci-

mens of parasitoid wasps belonging to three species.

Pediobius saulius, a European eulophid wasp, is a gener-

alist parasitoid of leaf-mining insects, with more than

110 host species reported to date (Noyes 2002). Adult

Pediobius wasps emerge directly from the pupa of the

host, chewing their way out and possibly ingesting

fresh host tissues when doing so. The 89 specimens we

processed were reared from wild-collected overwinter-

ing pupae of microlepidoptera hosts. They emerged in

individual tubes from field-collected leaf fragments con-

taining the parasitized pupae and were killed immedi-

ately after emergence, precluding host feeding;

specimens were further labelled and preserved dry in a

tube. Overall, the specimens were collected between

May 2002 and July 2007, with the majority of them

Table 1 Successful use of primer MLepR1 in Lepidoptera and

Diptera*

Group

Number of

families

Number of

species

Number of

samples

Lepidoptera 89 9262 26205

Diptera 21 619 3197

*As reported in the Barcode of Life Data Systems (BOLD) from

samples processed at the Canadian Centre for DNA Barcoding.
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being 6–14 months old at the time of DNA extraction.

Hosts were identified based on food-plant usage and

mine morphology: 78 individuals were derived from

the pest species Cameraria ohridella and 11 from species

of the genus Phyllonorycter; all host taxa belong to fam-

ily Gracillariidae. Collection of the wasps Microplitis plu-

tellae and Cotesia sp. were from the Canadian National

Collection of Insects, Arachnids and Nematodes. These

wasps were reared on the diamondback moth, Plutella

xylostella, which is a pest for cultivated Brassicaceae.

Specimens of both species (14 of M. plutellae and 17 of

Cotesia sp.) were collected in rearing cages and killed in

95% ethanol in which they were preserved for about

three weeks before being processed for DNA extraction.

In contrast to the Pediobius wasps, the larvae of these

two parasitoid species erupt from the host larva imme-

diately after they complete their development and then

spin a case outside the host and have no further contact

with it or its remains. Moreover, the adult wasps of Co-

tesia and Microplitis do not feed on host haemolymph.

As host DNA is expected to be present in very small

quantity within the gut of these very tiny wasps, special

care was taken to reduce the risks of contamination in

the laboratory. In addition to thorough cleaning of

workspace and instruments, pre-PCR steps were carried

out in an isolated room, excluding any contact with

post-PCR products. Abdomens were removed from

specimens under a stereomicroscope and placed in 96-

well plates. The forceps used were sterilized by flame

between each individual wasp. DNA was extracted

using the manual protocol developed for high-through-

put production of DNA barcodes at the CCDB (Ivanova

et al. 2006). Each sample first went through a 24-h incu-

bation period at 56 �C in a 50 lL solution of lysis buffer

containing proteinase K (2 mg ⁄mL). DNA extraction

was then performed using PALL2 (3.0-lm) Glass Fiber

plates (AcroPrep) with a final DNA elution step

reduced to 30 lL of sterile ddH2O (at 56 �C) per sam-

ple. Two PCR were carried out for all samples, with

primer pairs: (i) LepF1 ⁄LepR1, targeting wasp DNA;

and (ii) LepF1 ⁄MLepR1 targeting the host DNA. Sam-

ples that failed with LepF1 ⁄LepR1 went through a sec-

ond pass of PCR amplifications targeting shorter

fragment of the wasp DNA barcode with primer pairs

LepF1 ⁄C_ANTMR1D and MLepF1 ⁄LepR1. Sequencing

was unidirectional (using either LepF1 or LepR1),

except for the PCR products resulting from amplifica-

tion with LepF1 ⁄LepR1. PCR and sequencing solutions

and thermocycling profiles were identical to those

described in the previous section. Sequence identifica-

tion was performed using the BOLD identification

engine. Match sequences for host species are publicly

available in BOLD projects GRPUB, CAMER and AC-

RPL, and in GenBank with accession numbers EF380067

(Plutella xylostella), GQ144203 (Cameraria ohridella),

GU146064 (Phyllonorycter platani) and GU146063 (Ph. es-

perella 3). All sequences generated for this publication or

used for analysis are publicly accessible in BOLD

within projects HYGUT (‘Host Identification from Para-

sitoid Gut-contents’), BACAS (‘Barcode Accumulation

Curves’) and BACX (‘Churchill Parasitoid BAC II’).

They have also been deposited in GenBank. Accession

numbers for the 297 wasps samples used to test for pri-

mer amplification success are given in Table S3; those

for the reared parasitoid wasps are GU086892 to

GU086908, GU087007 to GU087020, and GU07050 to

GU087126; the host sequences are GU086874 to

GU086890 and GU087134 to GU087145.

Results

The in silico analysis of primer fit confirmed the empiri-

cally reported properties of primer MLepR1. In parasit-

oid wasps, we observed consistent mismatches between

the 3¢ end of the MLepR1 sequence and the correspond-

ing segment of the binding site (Fig. 1a; Tables S1 and

S2), a condition explaining the poor binding success of

the primer in these insects. A similar comparison in

(a) (b) (c) (d)

Fig. 1 In silico analysis of primer MLepR1 match in parasitoid wasps and their two main groups of hosts. a–c: Similarity (s) between

primer MLepR1 (horizontal axis, reverse complement) and its binding site derived from GenBank sequences of COI in Hymenoptera

(a), Diptera (b) and Lepidoptera (c) (number of families (F), genera (G) and species (Sp) are given above charts); the nucleotides are

colour coded by base pair when similarity is higher than 80%. d: Site variation (p) along MLepR1 in analysed GenBank sequences

for the three insect orders.
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Lepidoptera and Diptera shows a close match and high

conservation of the binding site of MLepR1 in these

groups (Fig. 1b–d; Table S2), supporting the near uni-

versality of this primer as reported empirically

(Table 1).

We further established the poor binding affinities of

MLepR1 in parasitoid wasps using it in conjunction

with the universal forward primer LepF1 (Hajibabaei

et al. 2006a) to amplify the first 307 bp of the barcode

fragment in a set of 297 samples of parasitoid wasps

(Table S3). DNA of these wasp samples had been pre-

viously amplified successfully with the same forward

primer, but with an alternate reverse primer. As pre-

dicted from the in silico approach, the amplification

failed in all but nine samples (3%; Fig. 2); in these sam-

ples, the primer pair LepF1 ⁄MLepR1 actually amplified

unexpectedly a 733-bp fragment of COI, with MLepR1

binding to a nontarget region of the gene. These proper-

ties of MLepR1—i.e. universality in Lepidoptera and

Diptera, and consistent failure in Hymenoptera—make

it a perfect candidate to target host DNA within the

guts of parasitoid wasps. In contrast to group-specific

primers generally designed for DNA analysis of gut

contents (Chen et al. 2000; Sheppard et al. 2004; Harper

et al. 2005; Admassu et al. 2006; King et al. 2008),

MLepR1 has the unique property of being near-univer-

sal in the two main groups of hosts, thus permitting its

use in spite of limited a priori knowledge about the

identity of the target taxon—a scenario closely approxi-

mating the norm with parasitoid–host relationships.

Using the primer pair LepF1 ⁄MLepR1 to amplify host

DNA from the 120 abdomen-derived DNA extracts of

the three species of reared wasps, we obtained 36

amplifications. All these PCR products were processed

through sequencing and 29 of the 120 samples (24%)

representing all three wasp species (Fig. 3) eventually

produced sequences of length and quality suitable for

reliable identification of the host. Only in one case did

the host DNA sequence match a species different from

the expected host (Fig. 3); in this case, the host appears

to be an unidentified species of leaf miner in the genus

Phyllonorycter (98.2% match to P. abrasella). As the

wasps were reared from field-collected leaf-mines, this

probably reflects the overlooked use of the same host

plant by two species of leaf miners. Host DNA was suc-

cessfully detected both in wasps emerging from a case

outside the host (Cotesia and Microplitis) and in wasps

(Pediobius) chewing their way out of the microlepidop-

tera pupa when emerging. Thus, host tissue ingestion

during emergence is not the sole source of the host

DNA detected by our analyses. In the absence of host

feeding in the three wasp species we used in our exper-

iments, it is clear that successful amplification and

sequencing of host DNA occurred in a number of indi-

viduals which had not ingested host DNA since their

last larval meal. Finally, when using other primer pairs

on the same DNA extracts, we obtained diagnostic

DNA sequences for the wasp species in 108 of the 120

samples.

Discussion

By successfully identifying the host used by a parasitoid

wasp through the molecular analysis of the gut contents

of its adult, and by excluding other postmetamorphosis

sources of host DNA (host feeding and tissue ingestion

during emergence), our results provide the first evi-

dence for the persistence of ingested DNA through

metamorphosis in holometabolous insects. While our

study provides a new example of how molecular meth-

ods can provide unsuspected opportunities in biology

(Pond et al. 2009; Shokralla et al. 2010), it also illustrates

how much remains to be learned about the physiology

of insects. In spite of the rapid development of DNA-

based analyses of gut contents (King et al. 2008), very

little is known about how long ingested DNA remains

detectable within the gut tracts of predatory insects

Fig. 2 Amplification success of primer MLepR1 in parasitoid

wasps. Only 9 (highlighted terminals) of 297 samples of para-

sitoid wasps (Table S3) were successfully amplified and

sequenced using primer MLepR1 associated with a universal

forward primer. The neighbour-joining (NJ) tree was built with

the 297 DNA barcodes generated from leg-derived DNA

extracts amplified with universal insect primers (see text).
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(Greenstone et al. 2007). Experimental assessments of

the half-lives of ingested DNA have only examined a

few taxonomic groups, and they were shown to be very

variable, ranging from few hours (Chen et al. 2000;

McMillan et al. 2007) to several days (Sheppard et al.

2005; Greenstone et al. 2007), possibly because of varia-

tion in the metabolic rates of the predators. We note

that in some parasitoids, metamorphosis can occur

within a few days (Sequeira & Mackauer 1992; Harvey

& Strand 2003), a time period compatible with the per-

sistence of host DNA through incomplete digestion.

Moreover, the half-life of DNA within the guts of the

parasitoid larva and throughout its subsequent meta-

morphosis may be significantly extended because of the

dramatic reorganization of the digestive tract (Hakim

et al. 2010) and its reconfiguration for the use of a dif-

ferent food source (Jervis et al. 1993).

In practice, further studies are needed to assess the

applicability of the approach in other groups of holome-

tabolous insects with similar characteristics and to

develop other group-specific protocols. Success will cer-

tainly be affected by the life history traits of target spe-

cies. In particular, we anticipate that accounting for

factors like pupation time, adult lifetime before capture

and the possible occurrence of secondary predation

(King et al. 2008) will be critical in designing studies

based on our approach. Species with continuous gener-

ations in the tropics may produce uniform results

throughout the year, whereas reduced efficacy might be

expected for univoltine species in temperate regions.

Here, the second (or later) generation of multivoltine

species will probably yield better results. However, our

success in detecting host usage by Pediobius saulius

whose adults emerged after overwintering in the pupae

of their host suggests that a long pupation period does

not preclude host DNA detection. Furthermore, while

our studies established that ingestion of host DNA after

metamorphosis was not required for success, further

experiments may reveal that success rates in the field

are higher for females of species that feed on their

hosts, or in those species that pupate inside the body of

the host and ingest host tissues when emerging. Any

negative effect on host DNA degradation of time fol-

lowing ingestion could be balanced by targeting a

shorter DNA fragment through the use of an alternative

forward primer closer to the MLepR1 binding site, thus

increasing the recovery rate for host DNA while still

permitting reliable host identification (Hajibabaei et al.

2006b; Meusnier et al. 2008).

In parasitoid wasps, the use of this approach—here

named molecular analysis of parasitoid linkages

(MAPL)—in parallel with the development of host and

wasp DNA barcode libraries (Janzen et al. 2009; Hebert

et al. 2010), has the potential to revolutionize our

knowledge of host–parasitoid relationships, with large

effects on our understanding of food webs and com-

munity ecology (Morris et al. 2004; Valentini et al.

2009) and of host–parasitoid co-evolution. Examining

multiple individuals of a single wasp species will, for

instance, provide information on host ranges and offer

a novel means to test for the prevalence of specialist or

generalist parasitoid species, which can now be deter-

mined simply through MAPL analysis of adult wasps.

Because MAPL allows researchers to use the same

DNA extracts to target both the parasitoid wasp’s

DNA barcode and the homologous sequence of its

host, we recommend incorporating it in high-through-

put DNA barcoding workflows. Here, the traditionally

used tissue source (leg) would be replaced by analysis

of the entire abdomen of the wasp, with an additional

PCR (LepF1 ⁄MLepR1), followed by sequencing of all

amplified products. Nondestructive protocols are

already in place (Porco et al. 2009), permitting the

recovery of tissue samples after DNA extraction if the

abdomens are needed for morphological study. Gut

content analyses, like forensics, are very sensitive to

Fig. 3 Distance analysis (NJ) of COI sequences derived from parasitoid wasps’ abdomens. This tree combines DNA sequences of

parasitoid wasps and their microlepidoptera hosts as generated from PCR amplicons obtained from DNA extracted of the abdomens

of 29 parasitoid wasps. The sequences for samples on the left-hand side of the tree were obtained with the primer pairs Lep-

F1 ⁄LepR1, or LepF1 ⁄C_ANTMR1D and MLepF1 ⁄LepR1; they represent the wasp DNA. The sequences on the right-hand side of the

tree were obtained from the same DNA extracts with the primer pair LepF1 ⁄MLepR1; they all match the known microlepidoptera

host except in one case (red circle, see text).
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contamination issues, and protocols must be carried

out with special precautions with respect to how speci-

mens are collected, handled and processed. Collecting

methods such as Malaise traps, commonly used to col-

lect parasitoid wasps, are likely inappropriate because

of the risk of ethanol-derived contaminations (King

et al. 2008; Shokralla et al. 2010), so we recommend

restricting analysis to specimens collected with sweep

nets or with interception devices that do not include

immersion in ethanol. If used systematically, MAPL

has immediate applications in the agriculture sciences

by facilitating and selecting biological control agents.

Parasitoid wasps are the most commonly used organ-

isms to control populations of pests and invasive

species (Greathead 1986) and using MAPL to screen

host–parasitoid associations of invasives in their area

of origin, one could reliably identify the best control

agents. Alternatively, developing a database document-

ing host–parasitoid relationships based on MAPL will

create a very valuable resource for the future identifi-

cation and selection of pest natural enemies. MAPL

also offers a new way to monitor and possibly control

the effects of introduced biological agents on indige-

nous organisms (Gariepy et al. 2008) by revealing the

use of nontarget hosts by the parasitoid wasps. Our

results open a new window into food web quantifica-

tion. We predict that the integration of MAPL into

DNA barcoding workflows will drastically accelerate

the registration of host–parasitoid associations and that

the development of similar approaches for other orders

of insects with complete metamorphosis will be equally

productive.
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Supporting information

Additional supporting information may be found in the online

version of this article:

Table S1 GenBank records used for comparisons of MLepR1

primer match in Hymenoptera (ProcessID = record accession

number in BOLD)

Table S2 Similarity (s) and nucleotide diversity (Pi) values for

each of the 20 sites of the binding region of MLepR1 (upper

row) in GenBank sequences of Hymenoptera, Diptera and Lep-

idoptera (results for the GenBank data set reduced to one spe-

cies per genus in Diptera and Lepidoptera are given within

square brackets)

Table S3 Details of the 297 records used for testing amplifi-

cation of parasitoid wasps’ DNA with the primer pair LepF1 ⁄

MLepR1

Please note: Wiley-Blackwell are not responsible for the content

or functionality of any supporting information supplied by the

authors. Any queries (other than missing material) should be

directed to the corresponding author for the article.
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