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In a recent Perspective, Gerth ef al. (2011) expressed concern over how Wolbachia (Wolbachia pipientis Hertig) infections
may affect the success of DNA barcoding efforts in bees. The potential and realized effects of endosymbiont-induced
selective sweeps on host mitochondrial DNA diversity have been noted repeatedly — and rightly so — in the literature for
some years. However, we are equally concerned with other misconceptions, including (a) presuming that a positive
Wolbachia test indicates a stable infection, (b) presuming that Wolbachia-infected hosts cannot be identified with a
single-locus barcode, and (c) inferring specific Wolbachia—mtDNA interactions based only on incomplete genotyping of
Wolbachia strains. We address these issues in the context of the Gerth et al. (2011) survey of Wolbachia prevalence among
the German bee fauna. We also clarify some of the context-dependent strengths and limitations of DNA barcoding when it

is used as a research tool by taxonomists and ecologists.
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strain typing, selective sweeps, vertical transmission, Wolbachia

Introduction

In a recent Perspective article, Gerth et al. (2011) reported
the widespread presence of the intracellular reproductive
symbiont Wolbachia among the bees and apoid wasps of
Germany. Of the species screened, 49 of 74 bee species
(66%) and six of 13 wasp species (46%) tested posi-
tive for Wolbachia, based on PCR amplification of one
or more Wolbachia loci. These results are not surprising,
since estimates of worldwide Wolbachia prevalence among
arthropod species range from 19% to 76%, depending on
the screening method used (Jeyaprakash & Hoy, 2000;
Werren & Windsor, 2000; Werren et al., 2008; Simdes
et al., 2011). Wolbachia can infect both diplodiploid and
haplodiploid host species, though its range of phenotypes
may differ depending on the underlying genetic background
and sex determination system of the host (Bordenstein et al.,
2003; van Wilgenburg et al., 2006).

Wolbachia effects on host reproduction have been thor-
oughly addressed elsewhere (Werren et al., 2008; Saridaki
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& Bourtzis, 2010), but in summary: Wolbachia is normally
vertically transmitted via egg cytoplasm, and can persist in
host populations by biasing reproductive success in favour
of infected females. This means that Wolbachia can sweep
through a population, carrying along the mitochondria of
the infected matriline. Depending on the source of the Wol-
bachia and the mechanism of the sweep, this process may
vastly reduce mtDNA variation throughout an entire species
(Jiggins, 2003), split intraspecific matrilines by infection
status (Xiao et al., 2012), or cause an mtDNA haplotype
from one species to invade and sweep through another via
hybrid introgression (Raychoudhury et al., 2009). The lat-
ter two possibilities are of the most concern, since intraspe-
cific lineage splitting and interspecific introgression are the
most likely Wolbachia-related confounders of DNA bar-
code data. Alternatively, Wolbachia may have little or no
discernible effect on mtDNA variation in some host species
(Shoemaker et al., 2003).

Gerth et al. (2011) expressed concern about the ability
of DNA barcoding to identify bee species when Wolbachia
is present. This concern is reasonable, but not new; the
possible effects of reproductive endosymbionts on mtDNA
diversity have been discussed in the literature for some
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years (Jiggins, 2003; Hurst & Jiggins, 2005), observed
in natural systems (Narita et al., 2006; Whitworth et al.,
2007) and further addressed in several barcoding studies of
Hymenoptera (Smith & Fisher, 2009; Smith ef al., 2012).

However, as researchers with experience in bee taxon-
omy, Wolbachia ecology and genotyping, DNA barcode
library construction, and barcode-based ecological surveys
(Gibbs, 20094, 20095, 2010; Packer et al., 2009; Sheffield
et al., 2009; Stahlhut ef al., 2010; Smith et al., 2011), we
are equally concerned when assumptions about sporadic
ecological events needlessly dissuade researchers from ap-
plying a useful method. We address these concerns via our
perspectives on host—Wolbachia interactions, the strengths
and limitations of DNA barcoding and the different ways
in which barcoding is used as a research tool.

What does a positive Wolbachia test
mean?

PCR-based Wolbachia screens show whether Wolbachia
DNA is present in the specimen, but say nothing about
either its transmission routes or its effects on host mtDNA.
A positive screen may indicate an established association
with the host, but it may also reveal a transient or rare in-
fection (Keeling ef al., 2003), an infection harboured by an
associate of the specimen (Hughes ef al., 2004), or even
transfer of Wolbachia DNA to the host nucleus (Dunning
Hotopp et al., 2007). In cases where only a single specimen
was tested (e.g. the Colletinaec and Melittinae species in
Gerth ef al., 2011), we cannot be sure whether the species
or population hosts a stable infection.

Can Wolbachia-infected hosts be
barcoded using only the standard COI
sequence?

In general, yes. As of July 2012, the Barcode of Life Data
System (BOLD, http://www.boldsystems.org; Ratnasing-
ham & Hebert, 2007), contains more than 137 000 pub-
lished records for Hymenoptera specimens. Over 42 000
have species names, representing more than 6800 species.
Nearly 1300 of the named species are members of the su-
perfamily Apoidea, and because of their status as pollina-
tors, bees have been heavily targeted for barcoding by tax-
onomic specialists (see http://ibol.org/wg-1—6-pollinators/
for a brief history of this effort). Based on previously cited
estimates of prevalence, we may presume that between one-
fifth and three-quarters of these species include at least
some Wolbachia-positive individuals.

Taxon-specific studies that include Wolbachia-infected
arthropods usually show little or no effect of Wolbachia in-
fection on species delimitation via DNA barcodes (Smith
etal.,2007,2012; Linares et al., 2009). For example, in the

Smith et al. (2012) study, 18 of 57 barcoded and Wolbachia-
screened ant species contained some Wolbachia-positive
individuals, but only one putative species had a barcoding
anomaly associated with Wolbachia infection. This was a
Pristomyrmex morphospecies whose two deeply divergent
barcode clusters were associated with different Wolbachia
strains, but the study design did not exclude the possibil-
ity that these two mitochondrial haplogroups were actually
separate species.

It is important to note that barcoded specimens are not
routinely screened for Wolbachia infection via PCR with
Wolbachia primers. However, a BOLD user who is con-
cerned about unrecognized endosymbiont effects has the
option to examine published barcode data. Through the
BOLD public data portal and workbench, the user can ob-
tain collection information, download sequences and trace
files for further analysis, build trees, view possible mis-
matches and barcode gap distributions, and even annotate
records that raise any questions. This means that the user’s
judgement is part of the specimen identification process, as
it is when comparing visible characters via morphological
keys. If named species do not cluster as expected, the user
can decide and document whether an identification match is
sufficiently reliable to be useful, and whether the anomaly
is itself an interesting research topic.

As noted by Gerth et al. (2011), Wolbachia DNA itself
is not a barrier to barcoding. Inadvertent amplification of
bacterial sequence with arthropod barcoding primers is un-
common; when it occurs, it is easy to discover and correct
(Smith et al., 2012). And, if a Wolbachia sequence is acci-
dentally submitted to BOLD in place of its host barcode,
BOLD automatically recognizes and flags the Wolbachia
sequence as a non-target amplicon.

Can we presume that Wolbachia
infection is a sign of interspecific
mitochondrial introgression?

No, because Wolbachia transmission routes among host
species are notoriously variable. Previous studies, based
on multi-locus strain typing (MLST) (Maiden et al.,
1998; Baldo et al., 2006) have revealed Wolbachia strain
specializations associated with host biogeography, feeding
ecology and/or host taxon (Baldo et al., 2008; Russell
et al., 2009; Stahlhut et al., 2010). All of these findings
were consistent with horizontal transmission as the main
mechanism of Wolbachia spread in arthropod communities,
though each pointed to a different pattern of spread. None
of these findings rule out sporadic occurrences of intro-
gression, but neither do they suggest that introgression is a
common route of infection, even when similar Wolbachia
strains are pre-adapted to infect congeneric hosts (Baldo
et al., 2008; Watanabe et al., 2012). The distinction is
important. Both horizontal transmission and introgression
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transfer a Wolbachia strain from a donor to a recipient
species, but their expected effects on DNA barcoding are
completely different.

Horizontal transmission is simply the transfer of an in-
fection between hosts which contact each other in their
shared environment; the host species need not be closely
related (Russell et al., 2009; Stahlhut ef al., 2010). The
bacteria move from one host to the other, but mitochondria
do not. If a horizontally transmitted Wolbachia infection
persists and favours infected matrilines in both hosts, then
both hosts will undergo mitochondrial sweeps that reduce
only intraspecific mtDNA variation. Barcode clusters for
the two species will not become more similar to each other
than we would expect in the absence of Wolbachia.

Unlike horizontal transmission, introgression can trans-
fer both Wolbachia and mitochondria between species. The
donor and recipient species must be such close relatives
that a fertile hybrid cross is possible between a Wolbachia-
infected female of the donor species and a male of the
recipient species (Jiggins, 2003; Jaenike, 2007). Wolbachia-
infected daughters from this cross must be able to back-
cross with the paternal species; since both Wolbachia and
mtDNA are vertically transmitted through females, this in-
troduces both elements into the paternal population. Both
the Wolbachia strain and the mitochondrial haplotype must
then persist in the genetic background of the previously
uninfected species, and the infection must induce a phe-
notype that favours the reproductive success of infected
females. Only if all of these conditions are satisfied will
mitochondria from the donor species supplant those of the
recipient species, homogenizing the DNA barcodes even
if the nuclear genomes remain distinctive (Jiggins, 2003;
Raychoudhury et al., 2009). For simplicity, pedigrees de-
pict full diploids, but we would expect similar results in
haplodiploids (Vavre ef al., 2000; Reumer et al., 2010).

Can Wolbachia interfere with
specimen identification and species
delimitation via DNA barcoding?

Yes; this has been both predicted in the literature (Hurst
& Jiggins, 2005) and observed in barcoding studies. For
example, some morphologically distinctive members of the
calliphorid fly genus Protocalliphora are strikingly resistant
to barcode-based species delimitation, with evidence that
Wolbachia-mediated mtDNA introgression is responsible
(Baudry et al., 2003; Whitworth ef al., 2007). In such cases,
Wolbachia would cause unwarranted lumping if the barcode
alone were used to assign species names.

Wolbachia infections can also cause unusually high
mtDNA divergence between infected and uninfected
populations of presumed conspecifics, which could cause
unwarranted splitting (Hurst & Jiggins, 2005). But, trade-
offs among Wolbachia effects and other conditions can

stabilize Wolbachia infections at below 100% prevalence
without splitting host mtDNA matrilines by infection status
(Dyer & Jaenike, 2004; Stahlhut ez al., 2006). And, because
Wolbachia infection can reinforce reproductive isolation
between populations, Wolbachia-associated splitting of
mtDNA lineages may even be a clue to a speciation event
in progress (Shoemaker et al., 1999; Telschow et al., 2005,
2007).

Interpretation of problematic barcode data depends on
the intended application. For example, if the goal is spec-
imen identification, a shared barcode will narrow the pos-
sible choices to a small number but not give a definitive
result. This can also happen with the use of morphologi-
cal keys, and the consequences in either case depend on
whether some uncertainty is tolerable. If uncertainty is not
tolerable, additional study will be necessary — as it is when
morphology alone is not sufficient to distinguish between
species (i.e. when ‘the morphological equivalent of the ‘bar-
code gap’ is zero . ..."; Packer ef al., 2009).

Is Wolbachia affecting host mtDNA
dynamics in my community or taxon
of interest?

This is an interesting question in evolutionary ecology, and
the only way to answer it is to explicitly test for discordances
among mitochondrial, nuclear and endosymbiont genes. In
the case described by Gerth ez al. (2011), this question could
be explored by first barcoding the bees, and then compar-
ing the barcodes to those from morphologically determined
conspecifics and congenerics. If barcodes are discordant
with other evidence for species delimitation, it would then
be informative to test for associations among mtDNA hap-
lotypes, nuclear genes and Wolbachia strains. These com-
bined approaches can reveal previously unknown details of
endosymbiont dynamics within and between species (Ray-
choudhury et al., 2009; Dyer ef al., 2011).

This is not a question that can be answered via PCR
screening of a small collection. Additionally, sequencing
only one or two Wolbachia genes is unlikely to reveal much
about Wolbachia transmission between host species. In par-
ticular, the wsp gene is prone to recombination, and is un-
der directional selection (Schulenburg ef al., 2000; Jiggins
et al., 2001; Baldo et al., 2005). Its resulting variability
makes wsp an excellent single marker for distinguishing
among different Wolbachia strains, but a poor one for trac-
ing strain genealogy (Stahlhut ez al., 2010). In other words,
wsp performs similarly to the DNA barcode sequence of
a metazoan, since DNA barcodes usually form mono-
phyletic clusters within species but do not necessarily show
which species are most closely related (Blaxter ef al., 2005;
Rubinoff & Holland, 2005). Unless full genome sequenc-
ing is practical, MLST is a good compromise for revealing
true strain similarities, requiring sequences from only five
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housekeeping genes (Maiden et al., 1998; Baldo et al.,
2006). With the exception of the Wolbachia endosymbiont
of Osmia caerulescens (Linnaeus), the only true MLST lo-
cus sequenced by Gerth ef al. (2011) is ftsZ, the least vari-
able of the five MLST loci and therefore the least sensitive
to resolving multiple strains (Baldo et al., 2006; Stahlhut
et al., 2010). Thus, any estimation of sequence similar-
ity drawn from fisZ alone will almost certainly be too
high.

Do taxonomists and ecologists draw
conclusions from DNA barcode data
without regard to other evidence?

No, and we believe that much confusion arises from con-
flating the multiple uses of DNA barcoding, each of which
comes with its own assumptions and its own standards of
evidence. At one extreme, some users of DNA barcodes
(and morphological keys) are interested only in comparing
individual specimens to reference material and obtaining a
tentative match. The needs of taxonomists and ecologists
go well beyond this level of detail.

By definition, integrative taxonomic methods require
multiple approaches (Padial et al., 2010), but taxonomy
was both integrative and iterative even before the invention
of DNA barcoding or the coining of the term ‘integrative
taxonomy’. Taxonomists have always considered multiple
lines of evidence, such as morphology, biogeography and
behaviour, when describing new species, and have always
compared decisions made via one group of characters with
those based on others (DeSalle et al., 2005). With molecular
methods now almost universally available, mitochondrial
and nuclear gene sequences provide supporting or contrary
evidence for taxonomic hypotheses just as other characters
do (Gibbs, 2009a, 2009b; Droege et al., 2010; Fernandez-
Triana, 2010; Smith ef al., 2011). DNA barcodes and other
sequences thus function as independent tests of decisions
based on morphology, geography and behavioural ecology
(Packer et al., 2009; see also Rehan & Sheffield, 2011;
Vickruck et al., 2011 for a recent application of these meth-
ods to bee taxonomy).

Similarly, ecologists who use barcode data in biodiversity
surveys understand the vast difference between estimating
the magnitude of diversity and naming every species that
contributes to it (Smith & Fisher, 2009; Smith et al., 2009).
Few ecologists have the expertise, the time, or even the need
to identify every specimen collected in a regional survey,
even if the study is restricted to specific higher taxa. So,
barcode clusters provide a quantitative, inclusive, efficient
and reproducible basis for accumulation curves and species
richness estimates when morphological identification of all
specimens is impractical. At this scale, sporadic mtDNA
lumping or splitting events are usually of little interest and
should have little effect.

Conclusion

DNA barcodes can both answer existing research questions
and generate new ones. This is also true of morphological
studies, phylogenetic reconstructions and species richness
estimates. Like these other methods, barcoding comes with
assumptions and limitations that must always be consid-
ered when interpreting results. There are two concepts that
we believe are especially important to address in this con-
text, given the concerns about endosymbiont effects on host
mtDNA dynamics.

The first issue is the meaning of a barcode gap, or a
discontinuity between intraspecific and interspecific lev-
els of variation. A barcode gap is often a clue to species
delimitation, but the existence of a universally applicable
gap size between sibling species was never meant to be
a ‘central dogma’ of barcoding (Gerth et al., 2011). The
commonly used 2-3% cutoffs are often empirically useful
for biodiversity estimates, and for provisional comparison
of a specimen to a reference barcode, but variation among
interspecific barcode gap sizes has been noted in the liter-
ature by the optimistic, the pessimistic and the undecided
alike (Hebert et al., 2003b; Meier et al., 2006; Wiemers
& Fiedler, 2007). However, unexpected barcode gap mag-
nitudes are not insurmountable barriers to barcode-based
identifications, because distance measures, tree topology
and diagnostic nucleotides are also informative (Steinke
et al.,2005; Rach et al., 2008; Gibbs, 20094, 2009b; Kuksa
& Pavlovic, 2009; Buck et al., 2012; Williams ef al., 2012).

The second issue is that there is a substantial differ-
ence between barcode-based specimen identification and
barcode-inclusive taxonomic and ecological research. DNA
barcoding was developed as a tool for specimen identifica-
tion (Hebert et al., 2003a). By definition, it is a standardized
method, linked to supporting evidence from both voucher
specimens and sequencing trace files (Hebert & Gregory,
2005). Barcode-based identification using a validated ref-
erence library is analogous to using a morphological key
developed by an expert taxonomist: it usually works well,
it takes time for a researcher to learn both its power and
its limitations, the associated reference material sometimes
needs revision, and when the method does not work as ex-
pected, it may be revealing something potentially interesting
about the biology of the research subjects.

Phylogenetics, taxonomy and population biology all ad-
dress broader and more complex questions than specimen
identification. In these contexts, DNA barcode data can
reveal interesting questions for future research, but bar-
coding methods were not designed to definitively answer
them. This is true in the same sense that a single gene tree
is insufficient to reconstruct the evolutionary history of a
species (Degnan & Rosenberg, 2009), a single morphologi-
cal character is insufficient evidence for a species diagnosis
(Hermes & Melo, 2008; Packer et al., 2009), and a mito-
chondrial sweep alone is not definitive evidence of a true
population bottleneck (Hurst & Jiggins, 2005).
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Wolbachia and other reproductive endosymbionts should
be recognized as both markers of and contributors to host
mitochondrial diversity (Moran ef al., 2008; Gueguen ef al.,
2010; Stahlhut, 2010). When considered in this way, en-
dosymbionts are not underminers of DNA barcoding suc-
cess, even though they sometimes complicate data interpre-
tation. Rather, endosymbionts are potentially major players
in the actual generation of host diversity. Meanwhile, the
appropriateness and sufficiency of DNA barcoding as a re-
search tool depends on the nature of the question and on
the analysis and interpretation of possible outcomes in the
appropriate biological context.

Acknowledgements

We thank the Barcode of Life Data Systems team at the
Biodiversity Institute of Ontario for technical advice. We
also thank John Jaenike and two anonymous reviewers for
their helpful comments on the manuscript.

References

BaLpo, L., Lo, N. & WERREN, J.H. 2005. Mosaic nature of
the Wolbachia surface protein. Journal of Bacteriology 187,
5406-5418.

BaLpo, L., DUuNNING Hotopp, J.C., JOLLEY, K.A., BORDENSTEIN,
S.R., BIBER, S.A., CHOUDHURY, R.R., HAYAsHI, C., MAIDEN,
M.C.]J, TETTELIN, H. & WERREN, J.H. 2006. Multilocus se-
quence typing system for the endosymbiont Wolbachia pipien-
tis. Applied and Environmental Microbiology 72, 7098-7110.

BALDO, L., AvouB, N.A., HAvAasHI, C.Y., RUSSELL, J.A., STAHLHUT,
J.K. & WERREN, J.H. 2008. Insight into the routes of Wolbachia
invasion: High levels of horizontal transfer in the spider genus
Agelenopsis revealed by Wolbachia strain and mitochondrial
DNA diversity. Molecular Ecology 17, 557-569.

Baupry, E., Bartos, J., EMERsoN, K., WHITWoORrTH, T. &
WERREN, J.H. 2003. Wolbachia and genetic variability in the
birdnest blowfly Protocalliphora sialia. Molecular Ecology
12, 1843-1854.

BLAXTER, M., MANN, J., CHAPMAN, T., THOMAS, F., WHITTON,
C., FLoYD, R. & ABEBE, E. 2005. Defining operational taxo-
nomic units using DNA barcode data. Philosophical Trans-
actions of the Royal Society B: Biological Sciences 360,
1935-1943.

BORDENSTEIN, S.R., Uy, J.J. & WERREN, J.H. 2003. Host geno-
type determines cytoplasmic incompatibility type in the hap-
lodiploid genus Nasonia. Genetics 164, 223-233.

Buck, M., CoBa, T., STAHLHUT, J.K. & HANNER, R. 2012. Unravel-
ling cryptic species diversity in eastern Nearctic paper wasps,
Polistes (Fuscopolistes), using male genitalia, morphometrics
and DNA barcoding, with descriptions of two new species
(Hymenoptera: Vespidae). Zootaxa 3502, 1-48.

DEGNAN, J.H. & ROSENBERG, N.A. 2009. Gene tree discor-
dance, phylogenetic inference and the multispecies coales-
cent. Trends in Ecology and Evolution 24, 332-340.

DESALLE, R., EGAN, M.G. & SIDDALL, M. 2005. The unholy trinity:
taxonomy, species delimitation and DNA barcoding. Philo-
sophical Transactions of the Royal Society B: Biological Sci-
ences 360, 1905-1916.

DROEGE, S., RIGHTMYER, M., SHEFFIELD, C. & BraDY, S. 2010.
New synonymies in the bee genus Nomada from North Amer-
ica (Hymenoptera: Apidae). Zootaxa 2661, 1-32.

DunNING Hotopp, J.C., CLARK, M.E., OLIVEIRA, D.C.S.G., FOSTER,
J M., FISCHER, P., TORRES, M.C.M., GIEBEL, J.D., KUMAR, N.,
ISHMAEL, N., WANG, S., INGRAM, J., NENE, R.V., SHEPARD, J.,
ToMKINS, J., RICHARDS, S., SPiro, D.J., GHEDIN, E., SLATKO,
B.E., TETTELIN, H. & WERREN, J.H. 2007. Widespread lat-
eral gene transfer from intracellular bacteria to multicellular
Eukaryotes. Science 317, 1753-1756.

DyER, K.A. & JAENIKE, J. 2004. Evolutionarily stable infection
by a male-killing endosymbiont in Drosophila innubila:
molecular evidence from the host and parasite genomes. Ge-
netics 168, 1443—-1455.

DYER, K.A., BURKE, C. & JAENIKE, J. 2011. Wolbachia-mediated
persistence of mtDNA from a potentially extinct species.
Molecular Ecology 20, 2805-2817.

FERNANDEZ-TRIANA, J.L. 2010. Eight new species and an anno-
tated checklist of Microgastrinae (Hymenoptera, Braconidae)
from Canada and Alaska. ZooKeys 63, 1-53.

GERTH, M., GEIBLER, A. & BLEIDORN, C. 2011. Wolbachia infec-
tions in bees (Anthophila) and possible implications for DNA
barcoding. Systematics and Biodiversity 9, 319-327.

GiBBS, J. 2009q. Integrative taxonomy identifies new (and
old) species in the Lasioglossum (Dialictus) tegulare
(Robertson) (Hymenoptera, Halictidae) species group.
Zootaxa 2032, 1-38.

GiBBS, J. 2009h. New species in the Lasioglossum petrellum
species group identified through an integrative taxonomic ap-
proach. The Canadian Entomologist 141, 371-396.

GiBBS, J. 2010. Revision of the metallic species of Lasioglossum
(Dialictus) in Canada (Hymenoptera, Halictidae, Halictini).
Zootaxa 2591, 1-382.

GUEGUEN, G., VAVRE, F., GNANKINE, O., PETERSCHMITT, M.,
CHArIF, D., CuhieL, E., GorTLIEB, Y., GHANIM, M.,
ZCHORI-FEIN, E. & FLEURY, F. 2010. Endosymbiont metacom-
munities, mtDNA diversity and the evolution of the Bemisia
tabaci (Hemiptera: Aleyrodidae) species complex. Molecular
Ecology 19, 4365-4376.

HEeBERT, PD.N. & GREGORY, T.R. 2005. The promise of DNA
barcoding for taxonomy. Systematic Biology 54, 852—
859.

HeBerT, PD.N., CywiNnskA, A., BALL, S.L. & DEWAARD, J.R.
2003a. Biological identifications through DNA barcodes. Pro-
ceedings of the Royal Society B: Biological Sciences 270,
313-321.

HEBERT, PD.N., RATNASINGHAM, S. & DEWAARD, J.R. 20035. Bar-
coding animal life: cytochrome ¢ oxidase subunit 1 diver-
gences among closely related species. Proceedings of the
Royal Society B: Biological Sciences 270, S96—S99.

HERMES, M.G. & MELO, G.A.R. 2008. Revision and cladistic anal-
ysis of the eumenine wasp genus Pseudodynerus de Saussure
(Hymenoptera, Vespidae, Eumeninae). Systematic Entomol-
ogy 33,361-394.

HucGhEs, D.P, PamILO, P. & KATHIRITHAMBY, J. 2004. Horizon-
tal transmission of Wolbachia by strepsipteran endoparasites?
A response to Noda et al., 2001. Molecular Ecology 13,
507-509.

Hurst, G.D. & JiGGINS, FM. 2005. Problems with mitochon-
drial DNA as a marker in population, phylogeographic and
phylogenetic studies: the effects of inherited symbionts. Pro-
ceedings of the Royal Society B: Biological Sciences 272,
1525-1534.

JAENIKE, J. 2007. Spontaneous emergence of a new Wolbachia
phenotype. Evolution 61, 2244-2252.

JEYAPRAKASH, A. & Hoy, M.A. 2000. Long PCR improves Wol-
bachia DNA amplification: wsp sequences found in 76% of
sixty-three arthropod species. Insect Molecular Biology 9,
393-405.



Downloaded by [York University Libraries] at 18:27 13 February 2016

400 J. K. Stahlhut et al.

JigGins, EM. 2003. Male-killing Wolbachia and mitochondrial
DNA: selective sweeps, hybrid introgression and parasite pop-
ulation dynamics. Genetics 164, 5-12.

JIGGINS, M., VON DER SCHULENBURG, J.H.G., HursT, G.D.D. &
Maserus, M.E.N. 2001. Recombination confounds interpre-
tations of Wolbachia evolution. Proceedings of the Royal So-
ciety B: Biological Sciences 268, 1423—1427.

KEELING, ML.J., JIGGINS, EM. & READ, J.M. 2003. The invasion
and coexistence of competing Wolbachia strains. Heredity,
91, 382-388.

Kuksa, P. & PavLovic, V. 2009. Efficient alignment-free DNA
barcode analytics. BMC Bioinformatics 10, S9.

LINARES, M.C., SoTO-CALDERON, 1.D., LEES, D.C. & ANTHONY,
N.M. 2009. High mitochondrial diversity in geographically
widespread butterflies of Madagascar: a test of the DNA bar-
coding approach. Molecular Phylogenetics and Evolution 50,
485-495.

MAIDEN, M.C., BYGRAVES, J.A., FEIL, E., MORELLI, G., RUSSELL,
JE., URwWIN, R., ZHANG, Q., ZHOU, J., ZURTH, K., CAUGANT,
D.A., FEAVERS, .M., ACHTMAN, M. & SPRATT, B.G. 1998.
Multilocus sequence typing: a portable approach to the iden-
tification of clones within populations of pathogenic microor-
ganisms. Proceedings of the National Academy of Sciences
USA 95, 3140-3145.

MEIER, R., SHIYANG, K., VAIDYA, G. & NG, P. 2006. DNA bar-
coding and taxonomy in Diptera: a tale of high intraspecific
variability and low identification success. Systematic Biology
55, 715-728.

MoraN, N.A., McCUTCHEON, J.P. & NAKABACHI, A. 2008. Ge-
nomics and evolution of heritable bacterial symbionts. Annual
Review of Genetics 42, 165-190.

NARITA, S., NOMURA, M., KATO, Y. & Fukartsu, T. 2006. Genetic
structure of sibling butterfly species affected by Wolbachia
infection sweep: evolutionary and biogeographical implica-
tions. Molecular Ecology 15, 1095-1108.

PACKER, L., GIBBS, J., SHEFFIELD, C. & HANNER, R. 2009. DNA bar-
coding and the mediocrity of morphology. Molecular Ecology
Resources 9, 42-50.

PADIAL, J.M., MIRALLES, A., DE LA Riva, 1. & VENCES, M. 2010.
The integrative future of taxonomy. Frontiers in Zoology 7,
16.

RACH, J., DESALLE, R., SARKAR, I.N., SCHIERWATER, B. & HADRYS,
H. 2008. Character-based DNA barcoding allows discrimi-
nation of genera, species and populations in Odonata. Pro-
ceedings of the Royal Society B: Biological Sciences 275,
237-247.

RATNASINGHAM, S. & HEBERT, PD. 2007. BOLD: The Barcode of
Life Data System (http://www.barcodinglife.org). Molecular
Ecology Notes 7, 355-364.

RAYCHOUDHURY, R., BALDO, L., OLIVEIRA, D.C.S.G. & WERREN,
J.H. 2009. Modes of acquisition of Wolbachia: horizontal
transfer, hybrid introgression, and codivergence in the Na-
sonia species complex. Evolution 63, 165-183.

REHAN, S.M. & SHEFFIELD, C.S. 2011. Morphological and molec-
ular delineation of a new species in the Ceratina dupla species
group (Hymenoptera: Apidae: Xylocopinae) of eastern North
America. Zootaxa 2873, 35-50.

REUMER, B.M., VAN ALPHEN, JJ. & KRAADEVELD, K. 2010.
Ecology, Wolbachia infection frequency and mode of re-
production in the parasitoid wasp Tetrastichus coeruleus
(Hymenoptera: Eulophidae). Molecular Ecology 19,
1733-1744.

RuBINOFF, D. & HoLrLanD, B.S. 2005. Between two extremes:
mitochondrial DNA is neither the panacea nor the nemesis
of phylogenetic and taxonomic inference. Systematic Biology
54, 952-961.

RUSSELL, J.A., GOLDMAN-HUERTAS, B., MOREAU, C.S., BALDO, L.,
STAHLHUT, J.K., WERREN, J.H. & PIERCE, N.E. 2009. Special-
ization and geographic isolation among Wolbachia symbionts
from ants and lycaenid butterflies. Evolution 63, 624—640.

SARIDAKI, A. & Bourrtzis, K. 2010. Wolbachia: More than just a
bug in insects’ genitals. Current Opinion in Microbiology 13,
67-72.

SCHULENBURG, J.H.G.V.D., Hurst, G.D.D., HuiGens, TM.E.,
VAN MEER, M.M.M., JIGGINS, EM. & MaAIJERUS, M.E.N. 2000.
Molecular evolution and phylogenetic utility of Wolbachia
ftsZ and wsp gene sequences with special reference to the
origin of male-killing. Molecular Biology and Evolution 17,
584-600.

SHEFFIELD, C.S., HEBERT, PD., KEvaN, P.G. & PACKER, L. 2009.
DNA barcoding a regional bee (Hymenoptera: Apoidea) fauna
and its potential for ecological studies. Molecular Ecology
Resources 9, 196-207.

SHOEMAKER, D.D., KATJU, V. & JAENIKE, J. 1999. Wolbachia and
the evolution of reproductive isolation between Drosophila re-
cens and Drosophila subquinaria. Evolution 53, 1157-1164.

SHOEMAKER, D.D., KELLER, G. & Ross, K.G. 2003. Effects of Wol-
bachia on mtDNA variation in two fire ant species. Molecular
Ecology 12, 1757-1771.

SIMOES, PM., MIALDEA, G., REIss, D., SAGOT, M.-F. & CHARLAT,
S.2011. Wolbachia detection: an assessment of standard PCR
protocols. Molecular Ecology Resources 11, 567-572.

SMmiTH, M.A. & FIsHER, B.L. 2009. Invasions, DNA barcodes,
and rapid biodiversity assessment using ants of Mauritius.
Frontiers in Zoology 6, 31.

SMiTH, M.A., WooDp, D.M., JanNzeN, D.H., HALLWACHS, W. &
HeBERT, PD.N. 2007. DNA barcodes affirm that 16 species
of apparently generalist tropical parasitoid flies (Diptera, Ta-
chinidae) are not all generalists. Proceedings of the National
Academy of Sciences USA 104, 4967-4972.

SMITH, M.A., FERNANDEZ-TRIANA, J., ROUGHLEY, R. & HEBERT,
PD.N. 2009. DNA barcode accumulation curves for un-
derstudied taxa and areas. Molecular Ecology Resources 9,
208-216.

SMITH, M.A., EVELEIGH, E.S., McCANN, K.S., MErRILO, M.T.,
McCARTHY, P.C. & VAN RooOYEN, K.I. 2011. Barcoding a quan-
tified food web: crypsis, concepts, ecology and hypotheses.
PLoS One 6, €14424.

SMITH, M.A., BERTRAND, C., CrosBY, K., EVELEIGH, E.S.,
FERNANDEZ-TRIANA, J., FISHER, B.L., GIBBS, J., HAJIBABAEI,
M., HaLLwacHs, W., HIND, K., HRCEK, J., HUANG, D.-W.,
JanDA, M., JanzeN, D.H., L1, Y., MILLER, S.E., PACKER, L.,
QUICKE, D., RATNASINGHAM, S., RODRIGUEZ, J., ROUGERIE,
R., SHAW, M.R., SHEFFIELD, C., STAHLHUT, J.K., STEINKE, D.,
WHITFIELD, J., Woob, M. & ZHou, X. 2012. Wolbachia and
DNA barcoding insects: patterns, potential, and problems.
PLoS One 7, e36514.

SMITH, M.A., RODRIGUEZ, J.J., WHITEFIELD, J.B., DEANS, A.R.,
Janzen, D.H., HaLiwacHs W. & HEBERrT, PD.N. 2008. Ex-
treme diversity of tropical parasitoid wasps exposed by itera-
tive integration of natural history, DNA barcoding, morphol-
ogy, and collections. Proceedings of the National Academy of
Sciences 105, 12359-12364.

STAHLHUT, J.K. 2010. The endosymbiont community as taxonomic
character: a novel approach to resolving the Bemisia tabaci
complex. Molecular Ecology 19, 4102—-4104.

StaHLHUT, J.K., LIEBERT, A.E., STaRkS, PT., DAppORTO, L.
& JAENIKE, J. 2006. Wolbachia in the invasive Euro-
pean paper wasp Polistes dominulus. Insectes Sociaux 53,
269-273.

StaHLHUT, J.K., DESJIARDINS, C.A., CLARK, M.E., BALDO, L.,
RusseLL, JA., WERReN, JH. & JaeNKE, J. 2010. The


http://www

Downloaded by [York University Libraries] at 18:27 13 February 2016

Wolbachia and bee barcoding 401

mushroom habitat as an ecological arena for global exchange
of Wolbachia. Molecular Ecology 19, 1940—-1952.

STEINKE, D., VENCES, M., SALZBURGER, W. & MEYER, A. 2005.
TaxI: a software tool for DNA barcoding using distance meth-
ods. Philosophical Transactions of the Royal Society B: Bio-
logical Sciences 360, 1975-1980.

TELSCHOW, A., YAMAMURA, N. & WERREN, J.H. 2005. Bidirec-
tional cytoplasmic incompatibility and the stable coexistence
of two Wolbachia strains in parapatric host populations. Jour-
nal of Theoretical Biology 235, 265-274.

TELscHOW, A., FLOR, M., KoBAYASHI, Y., HAMMERSTEIN, P. &
WERREN, J.H. 2007. Wolbachia-induced unidirectional cy-
toplasmic incompatibility and speciation: Mainland-island
model. PLoS One 2, €701.

VAN WILGENBURG, E., DRIESSEN, G. & BEUKEBOOM, L.W. 2006.
Single locus complementary sex determination in Hy-
menoptera: an “unintelligent” design? Frontiers in Zoology
3, 1.

VAVRE, F., FLEURY, F., VARALDI, J., FOUILLET, P. & BOULEATREAU,
M. 2000. Evidence for female mortality in Wolbachia-
mediated cytoplasmic incompatibility in haplodiploid insects:
epidemiologic and evolutionary consequences. Evolution 54,
191-200.

VICKRUCK, J.L., REHAN, S.M., SHEFFIELD, C.S. & RICHARDS, M.H.
2011. Nesting biology and DNA barcode analysis of Ceratina
dupla and C. mikmagqi, and comparisons with C. calcarata
(Hymenoptera: Apidae: Xylocopinae). Canadian Entomolo-
gist 143, 254-262.

WATANABE, M., Tacami, Y., Miura, K., KAGEvyamMA, D. &
STOUTHAMER, R. 2012. Distribution patterns of Wolbachia

endosymbionts in the closely related flower bugs of the genus
Orius: implications for coevolution and horizontal transfer.
Microbial Ecology 64, 537-545.

WERREN, J.H., BALDO, L. & CLARK, M.E. 2008. Wolbachia: master
manipulators of invertebrate biology. Nature Reviews Micro-
biology 6, 741-751.

WERREN, J.H. & WINDSOR, D.M. 2000. Wolbachia infection fre-
quencies in insects: evidence of a global equilibrium? Pro-
ceedings of the Royal Society B: Biological Sciences 267,
1277-1285.

WHITWORTH, T., DAWSON, R., MAGALON, H. & BAUDRY, E. 2007.
DNA barcoding cannot reliably identify species of the blowfly
genus Protocalliphora (Diptera: Calliphoridae). Proceedings
of the Royal Society B: Biological Sciences 274, 1731-1739.

WIEMERS, M. & FIEDLER, K. 2007. Does the DNA barcoding
gap exist? — A case study in blue butterflies (Lepidoptera:
Lycaenidae). Frontiers in Zoology 4, 8.

WIiLLIAMS, PH., BROWN, M.J.E., CAROLAN, J.C., AN, J., GOULSON,
D., AYTEKIN, A.M., BEsT, L.R., BYVALTSEV, A.M., CEDERBERG,
B., DawsoNn, R., HUANG, J., ITo, M., MONFARED, A., RAINA,
R.H., ScHMID-HEMPEL, P, SHEFFIELD, C.S., SIMA, P. & XIE, Z.
2012. Unveiling cryptic species of the bumblebee subgenus
Bombus s. str. worldwide with COI barcodes (Hymenoptera:
Apidae). Systematics and Biodiversity 10, 21-56.

Xi1a0, J.-H., WANG, N.-X., MurpHY, R.W., Cook, J., Jia, L.-Y.
& Huang, D.-W. 2012. Wolbachia infection and dramatic
intraspecific mitochondrial DNA divergence in a fig wasp.
Evolution 66, 1907-1916.

Associate Editor: Andrew Brower





