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Abstract

Increasing numbers of phylogeographic studies make comparative inferences about the histories of co-distributed species.

Although the aims of such studies are best achieved by jointly analysing sequences from multiple loci in a model-based

framework, such data currently exist for few nonmodel systems. We used existing genomic data and expressed sequence

tags (ESTs) for Hymenoptera and other insects to design intron-crossing primers for 40 loci, mainly ribosomal proteins, for

chalcidoid parasitoids. Amplification success was scored on a range of taxa associated with two natural communities; oak

galls and figs. Taxa were chosen at increasing distance from Nasonia, which was used for primer design, (i) within Ptero-

malids, (ii) within Chalcidoidea (Eupelmidae, Eulophidae, Eurytomidae, Ormyridae, Torymidae) and (iii) for a selection of

distantly related gall and fig wasps (Cynipidae, Agaonidae). To assess the utility of these loci for phylogeographic and pop-

ulation genetic studies, we compared genetic diversity between Western Palaearctic refugia for two species. Our results

show that it is feasible to design a large number of exon-primed-intron-crossing (EPIC) loci that may be informative about

phylogeographic history within species but amplify across a large taxonomic range.
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Despite the increasing realization that multilocus data

are required to adequately resolve histories at or below

the species level (Zhang & Hewitt 2003; Jennings &

Edwards 2005; Carstens & Knowles 2007), the majority of

phylogeographic analyses of nonmodel organisms are

still primarily based on mitochondrial DNA. When

nuclear data are included, they are often presented as an

add-on used to ‘corroborate’ qualitative inferences made

from mitochondrial genealogies, rather than being analy-

sed jointly in a model-based framework. One reason for

the relatively slow uptake of model-based approaches by

phylogeographers is simply the practical difficulty of

obtaining a sufficient number of informative loci in non-

model organisms. A recent study using multiple loci to

estimate divergence and migration across a phylogeo-

graphic barrier (Lee et al. 2009) in a quantitative frame-

work (Nielsen & Wakeley 2001, Hey & Nielsen 2004)

found that stable parameter estimation requires a mini-

mum of five nuclear loci. The general challenge is to iden-

tify enough loci that have a mutation rate high enough to

generate a detectable signal of population level processes,

whose evolution is at least approximately clock-like, and

for which phylogeographic signals have not been over-

written by the effects of recombination. Additionally, on

a practical level, amplification across related taxa is desir-

able both to reduce the cost of primer development and

to facilitate comparisons across multiple species. In many

ways, this contradicts the requirement of high levels of

intraspecific variation. For example, most of the loci com-

monly used in phylogenetic analyses or for DNA barcod-

ing, such as the D2 region of the 28S ribosomal RNA

gene, amplify readily across a wide range of taxa (Cook

et al. 2002; Rokas et al. 2002; Stone et al. 2009), but show

little or no diversity below the species level (Stone et al.

2007). Conversely, anonymous loci generally provide

good resolution in the target species but do not cross-

amplify well at all (Jennings & Edwards 2005; Carstens &

Knowles 2006; Lee et al. 2009).

Introns in single-copy nuclear genes offer a potential

escape from this conundrum (Creer 2007). They evolve

faster than coding regions and so are likely to contain

sufficient intraspecific diversity to reconstruct genealo-

gies, but are flanked by conserved exons (hence the term

EPIC — exon-primed, intron-crossing — for such loci),

which can be used as priming sites ensuring amplification
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across a reasonable taxonomic range (Lessa 1992;

Palumbi & Baker 1994; Creer 2007). Although intron

sequences have been used in phylogeographic analyses

of vertebrates (Li et al. 2010; Gifford & Larson 2008;

Peters et al. 2008; Lee et al. 2009) and fruit flies (Wilder &

Hollocher 2003; Das et al. 2004), their use in nonmodel

taxa is still rare and their potential for comparative

multispecies studies remains to be explored.

Here, we develop EPIC loci for phylogeographic

inference in chalcidoid parasitoid wasps (Hymenoptera:

Chalcidoidea), species-rich components of most terres-

trial communities and dominant natural enemies of many

insect herbivores (Askew 1980; Godfray 1994; Bailey et al.

2009). The complications of length variation in introns,

which in diploid organisms often necessitates a time-con-

suming cloning step, can be avoided in Hymenoptera

simply by using haploid males for which sequences can

be obtained directly. Our aim was to identify loci that

provide resolution at and below the species level while

amplifying across a taxonomically diverse set of chalcid-

oid taxa, allowing multilocus, multispecies analyses of

natural parasitoid communities. To avoid having to

design and optimize primers for each species individu-

ally, we took a large-scale approach utilizing pre-existing

genomic resources. The strategy was to develop primers

for a large number of highly conserved genes using align-

ments of expressed sequence tags (ESTs) and publicly

available genomic data from Hymenoptera (including the

chalcid Nasonia vitripennis) and other insects. If tran-

scripts have abundant conserved sites across a wide

range of taxa, there should be sufficient minimally degen-

erate priming sites to amplify from disparate taxa.

Amplification success of candidate loci was assessed in

two diverse and well-studied natural communities cen-

tred around herbivorous gall wasps (Hymenoptera; Cyni-

pidae) on oak (Quercus) (Stone et al. 2002; Hayward &

Stone 2005) and fig wasps (Hymenoptera; Agaonidae)

(Weiblen 2002; Machado et al. 2005), with particular focus

on the chalcidoid parasitoids associated with them. Prim-

ers were screened at increasing taxonomic distance from

Nasonia (Pteromalidae): (i) in different genera of Pteromal-

idae, (ii) in five other families within the Chalcidoidea

(Eulophidae, Eupelmidae, Eurytomidae, Ormyridae,

Torymidae) and (iii) for a selection of phylogenetically

distant host taxa in both systems (Cynipidae and Agaoni-

dae, respectively). In total, this screening set encompasses

a diverse set of taxa including both pest species (Aebi et al.

2006) as well as groups frequently used as biological con-

trol agents (e.g. Sha et al. 2007; Mena-Correa et al. 2009).

The rationale of developing such a large set of nuclear

loci, which co-amplify across most species within these

assemblages is to maximize overlap of loci used in future

multispecies comparisons and to minimize potential

ascertainment bias that species-specific choices of loci

may introduce. To assess the potential of these loci for

phylogeographic inference, we screened multiple indi-

viduals of two widespread parasitoids of oak galls (Ceci-

dostiba fungosa and Mesopolobus amaenus) and measured

diversity across three major glacial refugia in the Western

Palaearctic.

Methods

Choice of nuclear loci and EST libraries

Putative orthologous gene alignments, developed for a

separate phylogenomic study of Hymenoptera (Shara-

nowski et al. 2010), were used to develop primers. EST

alignments were constructed from cDNA libraries for six

hymenopteran taxa: Neodiprion sertifer (Diprionidae),

Campoletis sonorensis (Ichneumonidae), Pelecinus polytura-

tor (Pelecinidae), Pristaulacus strangliae (Aulacidae), an

unidentified ceraphronid (Ceraphronidae) and an

unidentified eucoiliine (Figitidae). Sequences were also

obtained from public databases (NCBI) from the follow-

ing taxa: N. vitripennis (Hymenoptera: Pteromalidae),

Solenopsis invicta (Hymenoptera: Formicidae), Lysiphlebus

testacipes (Hymenoptera: Braconidae), Tribolium castane-

um (Coleoptera: Tenebrionidae), Myzus persicae (Hemip-

tera: Aphididae), Acyrthosiphon pisum (Hemiptera:

Aphididae) and Locusta migratoria (Orthoptera: Acridi-

dae). All sequences were compared against three anno-

tated model genomes; Drosophila melanogaster (Diptera:

Drosophilidae), Bombyx mori (Lepidoptera: Bombycidae)

and Apis mellifera (Hymenoptera: Apidae). For details on

cDNA library construction, contig assemblies, orthology

determination and alignment protocols, see methods in

Sharanowski et al. (2010).

EST alignments for 76 genes meeting the orthology

criterion were filtered to include at least four hymenop-

teran taxa. Additionally, only alignments with less than

25% average difference at nonsynonymous sites across

all Hymenoptera were utilized. Although this is an arbi-

trary cut-off, restricting the number of nonsynonymous

changes was intended to aid primer design by decreasing

the amount of degeneracy required to achieve amplifica-

tion across a broad range of taxa. The average numbers

of nonsynonymous sites for alignments were calculated

using the Nei–Gojobori method (Nei & Gojobori 1986) in

MEGA 4 (Tamura et al. 2007).

Of the 40 EST alignments meeting the above-

mentioned criteria, 27 were RPs. We focused primarily

on introns in RP genes for three reasons: (i) RP genes are

typically conserved across eukaryotes; (ii) most RP genes

do not occur in multiple copies; and (iii) there is no evi-

dence to suggest genetic linkage. We also designed prim-

ers spanning introns in 13 conserved regulatory genes

that met the above-mentioned criteria: RACK1, SUI, Tctp,
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Mp20, myofilin, NIp ran, bellwether, AntSesB, nAcRbeta,

magonashi, sansfille, pros25 (Table 1).

Primer design

The 40 EST alignments were aligned against D. melanoga-

ster genomic sequences in BioEdit using ClustalW

(Thompson et al. 1994) and checked by eye. Primers were

designed to match coding exon regions flanking known

introns in D. melanogaster. We chose priming sites that

were conserved across Hymenoptera and, whenever pos-

sible, across other insect sequences in the alignment. Ini-

tially, we matched primer sequences to N. vitripennis,

the only chalcidoid in the set, then built in up to 54-fold

degeneracy to increase amplification success across taxa.

Sequences from the braconid wasp L. testacipes fre-

quently proved too divergent to be included in this

degeneracy. If possible multiple, often nested, primers

were designed for each locus (Table 1).

Standard primer characteristics (melting temperature,

scores for dimer formation, self-annealing and 3’ stabil-

ity) were checked in FastPCR (Kalendar et al. 2009) and

Primer3 (Untergasser et al. 2007) using default settings.

Cross-species screening

Whole genomic DNA was extracted from specimens

stored in 98% ethanol following Nicholls et al. (2010).

Within Pteromalidae, primers were tested on three par-

asitoid species associated with oak galls (C. fungosa,

M. amaenus, Caenacis lauta) and three nonpollinating,

parasitic figwasps (Sycoscapter sp., Philotrypesis, Walke-

rella sp.). Nasonia vitripennis, the only chalcidoid

sequence included in the EST alignments, was used as

a positive control. We also screened amplification suc-

cess in one species from each of a further five families

in the superfamily Chalcidoidea: Torymus affinis (Tory-

midae), Omyrus nitidulus (Ormyridae), Eupelmus annula-

tus (Eupelmidae), Baryscapus pallidae (Eulophidae) and

Eurytoma brunniventris (Eurytomidae) (Table 2). These

families are representative of parasitoids across many

insect communities (Askew 1980). Finally, primers

were tested on six species of gall wasps (Cynipidae)

and three species of fig wasps (Agaonidae), represent-

ing two more distantly related families that are the

focus of much ongoing research into community

evolution (Table 2).

Table 1 Primer sequence and CG identifier for 26 nuclear loci which amplified a product in at least one of the focal taxa (Table 2) and

primer sequence for Cox1

Locus Primer CG Forw Rev

Ant_sesB 40Fb/Rb 16944 GCCAAYGTYATCMGDTACTTC TACKGTRTCRAAKGGATAGGA

Bellwether 33Fb/Rb 3612 GAAGAGGAAGTWYGARTTRGGWC TTCRTACCAYTGBCTGAADGG

Magonashi 38F/R 9401 CTACGTCGGHCACAARGGHAART TCTTGAACDAGRTARTAAAARCATC

nAcRbeta 39F/R 11348 GAGACBGACATCACBTTCTACAT AGNAGATAYTTGGCRATGAGY

nAcRbeta 39Fb/Rb 11348 ATYATGAARTCRAACGTHTGG ATGTAGAAVGTGATGTCVGTCTC

NIp 31F/R 7917 CTYTTRGGWCCAGARGCYAA GTDSCAAGDAGATKGTGTCC

Pros25 26F/R 5266 GAATATGCYTTRGCHGCNGT GTAKGCDCCVGADGGATCAC

RACK1 18Fb/Rb 7111 GATGGGTYACBCAAATYG ATACCTTGACDACNCGRTCC

Ran 32F/R 1404 TAYATTCARGGMCARTGYGC GGRTCCATTGTRACTTCTGG

RpL10ab 19F/R 7283 TAYGATCCVCARAAGGACAARC AGGAGHCCAGGRAATTTRCCR

RpL12 10F/R 7939 GTGTACAGRCCDAMRATCGT AADCCAGTTGGNARCATRTG

RpL13a 6F/R 1475 ATGACKGGCTTCAGYRAWAAG GACATRAACTTYADCTTGTTCCTG

RpL15 2F/R 17420 GGGTGCNACTTAYGGHAARC GCGMAGYTCACGRTGYTTDTG

RpL27a 28Fb/R 15442 CAAYTTYGACAARTACCATCCWG CCYTTKCCYARRAGTTTGTA

RpL37 27F/R 9091 GAARGGTACNTCVAGYTTTGG GACCRGTDCCRGTRGTCTTCCT

RpL37a 36F/R 5827 CGHACVAAGAAGGTTGGAATCAC GTYCTYTTGCAYCGYTTGC

RpL39 16F/R 3997 ATGTCGGCHCAYAARACKTT CTTBARCTTGGTTCKYCTCCA

RpS12 23F/R 11271 ATGGATGTSAAYACMGCMCTS AGGGGTHTCHTCACCRAART

RpS15 20Fb/R 8332 GAYCARCTYCTDGAYATGC CKACCRTGYTTWACAGGYTT

RpS17 34Fb/Rb 3922 CGCTATYATTCCWASCAARC CAATRATRTCRTGYTCCARAGC

RpS18 22F/R 8900 GTYATGTTYGCYATGACNGC KRAGRCCCCAGTARTGWCG

RpS23 21F/R 8415 ACVMGVTGGAAGGCYAATCC ATGACCYTTACGHCCRAATCC

RpS4 11F/R 11276 BAARGCATGGATGTTRGACA GGTCWGGRTADCGRATRGT

RpS8 5F/R 7808 GAAGAGGAAGTWYGARTTRGGWC TTCRTACCAYTGBCTGAADGG

sansfille 35F/R 4528 CHWTVAAAATGCGTGGWCAAG CDGGGAAYTGATTRAACARCAT

SUI 24F/R 17737 CCTTTGCWGATGCAATCAAG CCGTGVACCTTSAGYTGDTC

Tctp 25F/R 4800 AYGAGATGTTCTCNGAYAC GATRTCCATDGATTCNCCRGT

Cox1 pF2/ 2413d n/a ACCIGTDATRATRGGDGGITTYGGDAA GCTADYCAICTAAAAATYTTRATW CCD GT

� 2010 Blackwell Publishing Ltd
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Polymerase chain reactions (PCR) were performed in

20 lL reactions using the following mix for all primer

combinations: 2.0 lL 10· Bioline PCR buffer, 2.0 lL

bovine serum albumin (10 mg/mL), 0.8 lL MgCl2
(50 mM), 0.16 lL dNTPs (25 mM each), 0.1 lL Taq Poly-

merase (5 U/lL, Bioline), 0.2 lL of each primer (20 lM)

and 1 lL DNA template.

A generic touchdown PCR protocol was used for all

loci: 94 �C for 3 min, followed by cycles of 94 �C for 15 s,

an annealing step of 40 s, 72 �C for 3 min, with a final

extension at 72 �C for 10 min. The annealing temperature

was varied as follows: the first 10 cycles decreased in

1 �C increments from 65 to 56 �C, followed by 30 cycles

each with an annealing step at 55 �C.

Divergence, diversity and information content

To assess the utility of the new EPIC loci for intraspecific

studies, we measured diversity within C. fungosa and

M. amaenus. In each species, three male individuals, one

each from three different Pleistocene refugia in southern

Europe (Iberia, the Balkans and Asia Minor), were

sequenced for all loci that amplified in the initial screen.

Sequences were also obtained from a single male of

C. lauta, a species closely related to C. fungosa. PCR

products were sequenced directly in both directions

using BigDye chemistry (Perkin Elmer Biosystems, Wal-

tham, MA, USA) run on an ABI 3730 capillary sequencer

in the GenePool Edinburgh. Chromatograms were

checked by eye and complimentary reads aligned using

Sequencher v. 4.8. Edited sequences were aligned in

ClustalW and checked by eye. Exonic regions were deter-

mined by comparison to D. melanogaster protein

sequences and checked for an open reading frame. As a

comparison, we sequenced a 698 bp region of the fre-

quently used mitochondrial cytochrome c oxidase sub-

unit 1 gene (Cox1) for the above samples using primers

COI_pF2 and COI_2413d (Table 1). These primers were

designed for chalcidoid wasps and amplify a fragment

largely overlapping the LCO/HCO region of Cox1

(Folmer et al. 1994), but excluding a poly-T repeat at its

5’ end present in Chalcidoidea, which causes slippage

during PCR resulting in uninterpretable sequence.

Average pairwise diversity (p) in the Western Palae-

arctic (both in C. fungosa and M. amaenus) and diver-

gence (K) between C. fungosa and the closely related

outgroup C. lauta were computed using DNAsp (Rozas

and Rozas 1995). When choosing loci for intraspecific

studies, it is crucial to avoid ascertainment bias. Selecting

loci based on their diversity potentially confounds coales-

cence variance with differences in mutation rate between

loci. For example, excluding loci which show no or low

diversity in the focal species may upwardly bias age esti-

mates of phylogeographic events. We therefore used

divergence at each locus to obtain an unbiased measure

of information content. The number of divergent sites

between C. fungosa and C. lauta at each locus normal-

ized by its mean across loci was taken as an overall mea-

sure of information content taking locus length into

account. We also computed summaries for intron (Kin,

pin) and synonymous exon (Ks,ps) sites separately.

Because the latter are thought to evolve neutrally, this

comparison should reveal the potential selective con-

straint on introns. Both bellwether and SUI failed to

amplify in C. lauta, leaving 18 loci for which divergence

and information content could be computed.

Results

Cross-species screening

Of the 40 loci tested, 32 successfully amplified a product

in the positive control, N. vitripennis and of these 26

yielded a PCR product in at least one other chalcidoid

taxon (Table 2). Amplification success differed markedly

both between different Pteromalid taxa and between

chalcidoid families. For example, fewer loci amplified in

the fig-associated Pteromalids compared with the species

attacking oak galls. Similarly, only 13 loci amplified in

E. annulatus (Eupelmidae), whereas amplification suc-

cess in E. brunniventris (Eurytomidae) (24 loci) and

O. nitidulus (Ormyridae) (22 loci) was comparable to that

in the three oak gall–associated Pteromalid species. Only

nine loci (AntSesB, bellwether, RACK1, ran, RpL15, RpL37,

RpL37a, RpS23, RpS4) amplified a product in all six chal-

cidoid families associated with oak galls. Amplification

success was considerably lower both in the Cynipidae

and Agaonidae compared to any of the chalcidoid

parasitoids, which is expected given that the former are

taxonomically much more distantly related to Nasonia

(Table 2).

Product length varied widely between chalcidoid spe-

cies with some combinations of primer pairs and taxa

yielding PCR products in excess of 1000 bp, too long for

direct sequencing (Table 2). Similarly, some fragments

(AntSesB and SUI) were consistently larger in cynipids

than in chalcidoids. Whether this variation is random or

reflects genome-wide differences in intron length or

indeed genome size between hymenopteran taxa remains

to be explored. The fact that the majority of the loci that

amplified in T. affinis were longer in this species than in

any of the other five chalcidoids, does suggest some gen-

eral genome-wide difference between taxa.

Divergence, diversity and information content

Sequences for C. fungosa, C. lauta and M. amaenus are

deposited in GenBank (accession nos HM208872–HM209026
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and HQ596410–HQ596457). Taken across loci, mean per

site divergence between C. fungosa and C. lauta was

higher at synonymous exon sites (Ks ¼ 13.9%) than in in-

trons (Kin ¼ 7.3%). In contrast, average per site diversity

was similar between synonymous sites (ps ¼ 0.9%, 1.1%)

and introns (pin ¼ 1.0%, 1.0%) in C. fungosa and

M. amaenus, respectively (Table 3). Loci differed consid-

erably in their overall information content (Table 3). In

C. fungosa, the most informative loci include RpL37, nAc-

Rbeta, RpL13a and RpS15. Perhaps not surprisingly, those

also tended to have rather high diversity in the introns

(pin), which in some cases was comparable to synony-

mous site diversity in Cox1. Conversely, the two loci with

the lowest diversity in either C. fungosa (RpL39, RpL37a)

or M. amaenus (RpS23 and RpS8) had low or average

information content (Table 3). Generally, average Ks was

about three times lower for nuclear loci than for Cox1,

and average levels of nuclear diversity both in C. fungosa

and M. amaenus were much lower than synonymous

diversity in Cox1. Levels of diversity observed at individ-

ual loci differed considerably between C. fungosa and

M. amaenus, despite the fact that the mean values were

similar for the two species. For example RpL39, which is

monomorphic in C. fungosa, had above average diversity

(S ¼ 7) in M. amaenus and—on a similar spatial scale–

has proven to be informative in the Torymid Megastigmus

stigmatizans (Nicholls et al. 2010). This is expected

because diversity at a particular locus is determined both

by its mutation rate and the randomness of genetic drift.

In C. fungosa, 13 of 20 loci and in M. amaenus 7 of 16

loci contained (mainly single nucleotide) indels between

the three refugial populations (Table 3). Indel variation

matters in practice for two reasons. First, it provides

additional characters for population genetic and phyloge-

ographic inference. Secondly, it creates problems when

aligning sequences from heterozygous diploid individu-

als necessitating an additional cloning step. However,

given that the number of indels is expected to be lower

within than between populations, our results suggest that

direct sequencing of diploid females in these species may

be possible in the majority of cases. This is confirmed by

Lohse et al. (2010) who sequenced two diploid female

Table 3 Basic properties of nuclear loci in Cecidostiba fungosa and Mesopolobus amaenus. Length values exclude indels in the C. fungosa–

Caenacis lauta alignment. Diversity across three major Pleistocene refugia and divergence between C. fungosa and C. lauta were

calculated for introns (pin, Kin) and synonymous exon sites (ps, Ks) separately. Also shown are the number of introns (#In), the total

number of polymorphic sites (S) and indels within species and, for Cecidostiba fungosa/C. lauta, a measure of information content (Info).

Corresponding summaries for COI are provided

Length C. fungosa/C. lauta Diversity (C. fungosa) Diversity (M. amaenus)

LOCUS Primers #In Total Intron Ks Kin Info ps pin S Indel ps pin S Indel

AntSesB 40fb, 40rb 2 606 156 0.076 0.148 0.981 0.000 0.008 2 0 0.000 0.024 7 0

Bellwether 33fb, 33rb 1 550 216 n/a n/a n/a 0.000 0.003 2 3 n/a n/a n/a n/a

nAcRbeta 39f, 39r,

39fb, 39rb

2 728 113 0.371 0.227 2.039 0.004 0.000 1 0 0.000 0.044 10 2

Rack1 18fb, 18rb 2 560 304 0.087 0.052 0.578 0.000 0.007 3 3 0.021 0.010 10 0

Ran 32f, 32r 1 499 202 0.090 0.091 0.659 0.011 0.003 2 0 0.000 0.009 3 1

RpL10ab 19f, 19r 2 955 807 0.072 0.043 1.001 0.000 0.003 3 1 0.044 0.006 9 1

RpL13a 6f, 6r 2 849 720 0.000 0.097 1.975 0.000 0.019 21 1 n/a n/a n/a n/a

RpL15 2fb, 2rb 2 618 412 0.233 0.056 1.065 0.000 0.002 2 2 0.000 0.011 7 2

RpL27a 28fb, 28r 2 501 338 0.155 0.101 1.078 0.017 0.030 16 4 0.000 0.007 4 1

RpL37 27f, 27r 1 866 788 0.017 0.123 2.681 0.033 0.020 24 4 0.000 0.016 13 3

RpL37a 36f, 36r 1 220 91 0.408 0.069 0.436 0.000 0.000 0 0 0.000 0.013 2 1

RpL39 16f, 16r 1 463 444 0.000 0.086 1.055 0.000 0.000 0 0 0.000 0.009 7 0

RpS15 20fb, 20rb 1 739 475 0.073 0.091 1.308 0.058 0.035 30 4 n/a n/a n/a n/a

RpS18 22f, 22r 2 813 562 0.072 0.052 1.011 0.020 0.005 6 0 n/a n/a n/a n/a

RpS23 21f, 21r 1 268 79 0.119 0.127 0.408 0.016 0.042 6 1 0.016 0 1 0

RpS4 11f, 11r 2 754 431 0.094 0.083 1.290 0.000 0.000 1 1 0.000 0.008 7 0

RpS8 5f, 5r 1 422 242 0.060 0.034 0.311 0.029 0.008 6 2 0.000 0.003 1 0

sans_fille 35f, 35r 1 446 84 0.140 0.037 0.367 0.017 0.000 2 1 0.017 0.000 2 0

SUI 24f. 24r 1 823 636 n/a n/a n/a 0.000 0.006 6 2 0.000 0.006 6 0

Tctp 25f, 25r 2 493 148 0.134 0.088 0.670 0.000 0.014 3 0 0.040 0.018 8 0

Total 30 12173 7249 136 29 97 11

MEAN 608.6 362.5 0.139 0.073 0.009 0.010 6.8 0.011 0.010 6.1

COI n/a 698 n/a 0.353 0.090 24 0.209 54
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C. fungosa individuals for the 20 loci described here and

found length heterozygosity necessitating a cloning step

only in five cases.

Discussion

We have shown that EPIC markers can be developed rel-

atively straightforwardly for nonmodel organisms using

publicly available EST and genomic data. Our strategy of

testing a large number of degenerate primers on a set of

focal taxa avoids time-consuming, species-specific PCR

optimization and efficiently identified a set of loci of

likely value across six families of chalcidoid parasitoids

and beyond. This approach to marker development

should be feasible in any group of organism for which

EST or transcriptomic data are available and has recently

also been used in fish (Li et al. 2010). While in this study,

alignment to the Drosophila genome allowed us to specifi-

cally target known introns, developing EPIC markers is

possible even without a genomic reference, if one accepts

that a fraction of primers spanning splice sites will not

amplify.

We emphasize that numbers of loci available in candi-

date species within chalcidoid families could probably be

increased by further taxon-specific PCR optimization or

an additional cloning step. Although nuclear mutation

rates are on average lower than those of mitochondria,

this and previous studies (Lee et al. 2009) show that,

because of coalescent and mutational variance, the same

does not necessarily hold for levels of diversity observed

at individual loci. We also do not find the dramatic differ-

ence between mitochondrial and nuclear divergence

which has been reported for Nasonia sister species and

attributed to Wolbachia-induced sweeps (Oliveira et al.

2008). Thus, despite their lower per site mutation rate on

average, multiple EPIC loci such as the ones developed

here, if analysed in a model-based framework, should be

far more informative about within-species phylogeo-

graphic history than mitochondrial data. The C. fungosa

data obtained in this study have been successfully used

to resolve the relationships between refugial populations

in this species (Lohse et al. 2010). This study used larger

samples per population and tested for recombination

within each locus using the four-gamete test. Encourag-

ingly, only three loci showed evidence for recombina-

tion, and a mere 265 bp of sequence (around 2% of the

data) had to be excluded to trim loci into nonrecombing

blocks.

If patterns of divergence across loci in C. fungosa and

C. lauta are at all representative, the most informative

loci for within-species historical inferences in Chalcidoi-

dea are likely to include RpL37, nAcRbeta, RpL13a, RpS15,

RpS4 and AntSesB. If, as recent power analyses suggest,

between five and a dozen loci are sufficient to infer ances-

tral population parameters in divergence models reliably

(Jennings & Edwards 2005), these EPIC loci should allow

multilocus phylogeographic analysis across a broad taxo-

nomic range of chalcidoid parasitoids and in turn, facili-

tate comparative phylogeographic analysis of natural

chalcidoid assemblages. The observed variation in ampli-

fication success between families would suggest that it

may be impossible to use a standard set of loci across taxa

even if this may be desirable to avoid confounding true

differences in species histories with locus-specific effects.

However, as long as enough loci per species are sampled

to capture the variance in genealogical history and out-

group comparisons are used to account for heterogeneity

in mutation rates across loci, there is no a priori reason

against using only partially overlapping sets of loci in

multispecies comparisons. Given that the primers devel-

oped here are anchored in highly conserved coding

regions and many of them amplify across a large taxo-

nomic range, they may also be of use as genomic tools

more broadly in the Hymenoptera and other insects. For

example, some of the loci employed in this study (e.g.

RpL15, RpL27a, ran) have previously been used as mark-

ers for QTL mapping in Lepidoptera (Papanicolaou et al.

2005). Furthermore, the exonic portions of many of these

loci have proven informative for resolving deep-level

relationships within the Hymenoptera (Sharanowski

et al. 2010).

An important question is to what extent introns in

highly conserved genes evolve neutrally. Generally, our

finding of lower levels of divergence in introns compared

to synonymous sites in C. fungosa is consistent with pre-

vious results from genome-wide studies in Drosophila

suggesting that introns are under purifying selection,

which may be particularly strong in highly conserved

genes (Haddrill et al. 2005; Halligan & Keightley 2006).

Similarly, correlations between intron length and diver-

gence have been interpreted as evidence for selective

constraints on regulatory elements present in long

introns (Halligan & Keightley 2006). We tested for this in

C. fungosa and found a negative but nonsignificant trend

between intron length and Kin (r ¼ )0.265,P ¼ 0.189).

This suggests that any correlation between intron length

and selective constraint, if present in C. fungosa, is likely

to be weak. Thus, it may be difficult to avoid potential

biases arising from selective constraints by selecting short

introns. On the contrary, because information content is a

function of both intron length and Kin, the most informa-

tive loci in the present set are those containing long

introns (Table 3). However, while selective constraints on

introns or linked exons should not lead to systematic

biases in estimates of ancestral population parameters,

they do translate in a trade-off between maximizing

information for phylogeographic inference and the abil-

ity to amplify across taxa. This has been demonstrated
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previously in a study on birds (Lee et al. 2009) which

found per site diversity in anonymous loci, presumably

intergenic DNA, to exceed those in introns. On the other

hand, using EPIC loci with known orthology and func-

tion for phylogeographic inference can be viewed as an

improvement over anonymous loci for which orthology

and function are generally unknown (Jennings &

Edwards 2005). In general, with the increasing volumes

of publicly available genome and transcriptome data,

developing EPIC primers for nonmodel organisms is

now straightforward and multilocus nuclear sequence

data will surely become the standard in studies of

population history and phylogeography.
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