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Abstract Rhagoletis pomonella Walsh (Diptera: Tephritidae) is a model species for sympatric speciation
through host race formation on apple and hawthorn. The bacterial endosymbiont Wolbachia, a
manipulator of arthropod reproduction, has been considered to contribute to speciation in several
species. A potential role of Wolbachia in sympatric speciation of R. pomonella remains to be tested
despite an earlier detection by PCR. In this study, we isolated Wolbachia from R. pomonella individu-
als from both host species using multi-locus sequence typing (MLST) and the surface protein wsp. By
cloning and sequencing of 311 plasmids, we found sequence types of at least four wPom strains. A
complete MLST profile was obtained only for wPom1, whereas MLST loci of the other putative
strains were difficult to assign because of multiple infections and low sample numbers. wPom1 occurs
in both host races, whereas different sequence types were found at low frequencies only in apple-
infesting R. pomonella. This warrants further investigation as it cannot be excluded that Wolbachia
plays a part in this model of sympatric speciation.

Introduction

The apple maggot, Rhagoletis pomonella Walsh (Diptera:
Tephritidae), has been the focus of studies about modes of
speciation over more than a century. In 1864, Walsh hy-
pothesised the speciation of phytophagous insects by
adaptation to novel host plants for the first time. Three
years later, he confirmed this hypothesis by describing the
shift of Nearctic R. pomonella from its ancestral host, haw-
thorn (Crataegus spp.) to the newly introduced Palearctic
apple (Malus pumila Mill.) (both Rosaceae) (Walsh,
1867). Bush (1966, 1969, 1975) refined the concept of sym-
patric speciation via host race formation, but the underly-
ing mechanisms of the speciation process in this species

are not yet fully understood (Feder et al., 1988, 1994;
McPheron et al., 1988; Berlocher & Feder, 2002; Michel
et al., 2010).

Wolbachia are gram-negative endosymbiotic bacteria
found in up to 65% of insect species (Hilgenboecker et al.,
2008). Their interaction with the host can be mutualistic
or parasitic (Werren et al., 2008). One common reproduc-
tive phenotype is cytoplasmic incompatibility (CI), which
causes postzygotic sterility resulting in reproductive isola-
tion when infected males mate with uninfected females
(Hoffmann & Turelli, 1997). Under certain circumstances,
CI between populations harbouring different Wolbachia
strains can result in a reduction of gene flow and hence
leads to reproductive isolation. This potential impact of
Wolbachia on host speciation has been debated extensively
(Bordenstein et al., 2001; Weeks et al., 2002; Coyne & Orr,
2004; Telschow et al., 2005).

Although theoretical studies highlight the potential
of Wolbachia-induced CI as a speciation mechanism
(Werren, 1998; Telschow et al., 2002, 2005, 2007; Flor
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et al., 2007), empirically, the phenomenon was found
only in three examples (Shoemaker et al., 1999; Borden-
stein et al., 2001; Miller et al., 2010). These include the
wasp genus Nasonia where Wolbachia causes reproduc-
tive isolation by inducing bidirectional CI that do not
occur sympatrically (Bordenstein et al., 2001; Borden-
stein, 2003). Wolbachia also add to reproductive isolation
between two closely related Drosophila species with uni-
directional CI in crosses between the Wolbachia-infected
Drosophila recens Wheeler and the uninfected sister spe-
cies Drosophila subquinaria Spencer (Shoemaker et al.,
1999). Recently, Wolbachia was found as speciation agent
within the Drosophila paulistorum Dobzhansky & Pavan
species complex (Miller et al., 2010). All species are
infected by mutualistic Wolbachia that turn pathogenic
in hybrid genotypes, leading to hybrid mortality and ste-
rility. Besides this effective postzygotic barrier, D. paulis-
torum exhibit strong prezygotic isolation through mate
choice. This prezygotic isolation is lifted after the removal
of Wolbachia, indicating an involvement of Wolbachia in
mate recognition (Miller et al., 2010). There are two rea-
sons for the rare finding of Wolbachia-mediated specia-
tion: bidirectional incompatibility is quite uncommon
(Telschow et al., 2007), and Wolbachia causing complete
unidirectional CI are known to sweep rapidly through
populations (Turelli & Hoffmann, 1991) and constitute
therefore a transient influence without triggering prezyg-
otic mechanisms of reproductive isolation (Weeks et al.,
2002). Furthermore, incomplete unidirectional CI, which
is commonly observed in insect-Wolbachia relationships,
is not a barrier to gene flow (Wade, 2001). For these rea-
sons, it can be expected that Wolbachia play an enforcing
secondary, but not primary role in speciation (Jaenike
et al., 2006).

Many tephritid fruit flies are infected by Wolbachia (Kit-
tayapong et al., 2000; Jamnongluk et al., 2002; Riegler &
Stauffer, 2002; Rocha et al., 2005; Sun et al., 2007; Coscra-
to et al., 2009; Schuler et al., 2009). The European cherry
fruit fly, Rhagoletis cerasi L., is an established field model
for unidirectional incompatibility between males from
southern and females from northern European popu-
lations (Boller et al., 1976), most likely caused by Wolba-
chia strain wCer2 (Riegler & Stauffer, 2002). In total, five
Wolbachia strains have been isolated from R. cerasi so far
(Arthofer et al., 2009a).

O’Neill et al. (1992) reported the presence of Wolba-
chia in the North American R. pomonella without pro-
viding information about the provenance of the
population nor strain characterization. In this study, we
characterize Wolbachia from R. pomonella samples col-
lected from both host species from Michigan (USA). We
confirm the presence of Wolbachia and analyse the

potential wPom strain diversity by multi-locus sequence
typing (MLST).

Materials and methods

Rhagoletis pomonella adults were collected from apple
(Malus domestica Borkh.) trees in Fennville (MI, USA)
(42"35¢N, 86"05¢W) and hawthorn (Crataegus spp.) trees
from the campus of Michigan State University, East Lan-
sing (MI, USA) (42"43¢N, 84"30¢W) in 2006. All samples
were stored in ethanol at )20 "C. DNA of five individuals
from each apple and hawthorn were extracted using the
Mammalian DNA Mini-Prep kit (Sigma-Aldrich Chemie,
Steinheim, Germany) following the protocol of the manu-
facturer. DNA was eluted in 50-ll elution solution (10 mM

Tris, 1 mM EDTA) and stored at 4 "C. Screening for Wol-
bachia infection was performed by PCR using wsp primers
81F and 691R (Braig et al., 1998). The reactions were set
up in 10-ll total volume, containing 1 · NH4 buffer (Fer-
mentas, Vilnius, Lithuania), 2 mM MgCl2, 100 lM dNTPs,
0.2 lM of each primer, 0.2 U Taq polymerase (Fermentas)
and 0.8-ll template DNA. Cycling conditions were 2 min
initial denaturation at 95 "C, followed by 32 cycles at
94 "C for 30 s, 55 "C for 45 s and 72 "C for 1 min, fol-
lowed by a final extension at 68 "C for 15 min. PCR prod-
ucts were run through agarose gel electrophoresis and
visualized by ethidium bromide staining and UV transillu-
mination.

Multi-locus sequence typing was performed using the
standard primers described by Baldo et al. (2006). PCR
conditions were the same as for wsp amplification except
for the ftsZ locus, where an annealing temperature of
50 "C was used. For cloning, a 0.8-ll aliquot of the PCR
product was ligated into the pTZ57R ⁄ T vector (Fermen-
tas) and transformed into competent JM109 Escherichia
coli cells according to the instructions of the manufacturer.
Plasmid DNA of eight clones of each individual was puri-
fied by alkaline lysis (Sambrook et al., 1989) and Sanger
sequenced by a commercial provider using M13 primers.
Retrieved sequences were edited manually and aligned
with CodonCode Aligner (CodonCode Dedham, MA
USA).

To exclude PCR artefacts, all genotypes were confirmed
by detection in at least two individuals. All sequences were
submitted to the GenBank and to the MLST database
(Baldo et al., 2006).

Results

All R. pomonella individuals from apple and hawthorn
tested Wolbachia positive with wsp primers. Cloning of the
wsp and MLST amplicons resulted in 66 wsp, 45 hcpA, 67
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coxA, 63 fbpA, 46 ftsZ, and 24 gatB sequences (Table 1).
We assigned proprietary allele names to the various
sequences (Table 1). The amplification of several MLST
loci, particularly gatB, was weak, giving poor liga-
tion ⁄ transformation efficiency and thus variable numbers
of plasmids suitable for sequencing.

Each locus was characterized by the presence of one
highly frequent allele present in more than 85% of all plas-
mids. Two of the hawthorn-infesting individuals present-
ing the high frequency alleles were singly infected and thus
allowed the assignment of these alleles to one strain. We
named this most frequent strain wPom1. Three additional
coxA alleles were detected at low frequencies of <9%. Two
additional alleles were detected for fbpA and wsp and one
for ftsZ and hcpA (Table 1, Figure 1). wPom1 was detected
in all individuals from both host races. The additional
MLST alleles were detected from the multiply infected
individuals.

The coxA-2 allele was found in two individuals infesting
apple and hawthorn. Compared to the corresponding
allele of wPom1, this sequence shows one-second codon
site mutation at position 797 (counted from the first
nucleotide of the start codon of coxA) affecting AA com-
position (Figure 1). Allele coxA-3 was detected in two indi-
viduals from apple and differs from wPom1 by one
synonymous mutation at position 648 (Figure 1). coxA-4
was found on two apple-infesting individuals differing
from wPom1 by one synonymous mutation on position
606 (Figure 1).

The wsp locus revealed three alleles with wPom1
detected in 85.5% (n = 57) of the plasmids. The wsp allele

of wPom1 is identical to wCer2 (AF418557) and wSpt
(AY620209). Allele wsp-2 was found in all apple-infesting
individuals (23.3%; n = 7) and had, compared to wPom1,
an insertion ⁄ deletion (indel) in HVR 4, changing the read-
ing frame (Figure 1). wsp-3 was found in two individuals
infesting apple and showed one-second codon position
mutation in HVR 2.

Allele fbpA-1 of wPom1 was detected in 92% of the
analysed plasmids of fbpA (n = 63). This allele is identi-
cal to wMel (AE017196) and wCer2. Allele fbpA-2 was
found in two plasmids of individuals from apple and
hawthorn and differs from wPom1 by one synonymous
mutation on position 285 of the sequenced fbpA
fragment. Allele fbpA-3 was found in three plasmids of
different apple-infesting individuals. It differs from
wPom1 by one non-synonymous mutation at position
797 (Figure 1).

Of the plasmids derived from ftsZ, 95.7% (n = 44) car-
ried the wPom1 allele. Its sequence is identical to wBor of
Drosophila borealis Patterson (FJ415469) and wCer2
(AY227738). Allele ftsZ-2, found in two individuals from
apple and hawthorn, differs from it by one mutation at
position 666 of the sequenced fragment, located on the
third codon position (Figure 1).

Locus hcpA revealed two alleles (Figure 1). The wPom1
sequence has high similarity to wMel (AE017196) and
wCer2, differing from those by a second codon site muta-
tion on position 305. The sequence type hcpA-2 was found
in two plasmids of two apple-infesting individuals and has
a non-synonymous mutation at second codon position
365 (Figure 1).

Table 1 The five multi-locus sequence typing (MLST) loci plus the wsp locus cloned from five apple and five hawthorn individuals. Allele
names of this study are lined up with accession numbers from the GenBank, MLST strain identification (ID) numbers, and the number of
plasmids sequenced for each locus. The most frequent sequence type of each locus was assigned to wPom1, and the other, less frequent
sequence types were labelled by locus name and consecutive number

Locus Strain ⁄ allele name Accession number MLST strain ID Total Apple Hawthorn

coxA wPom1 HQ333154 336 61 41 20
coxA-2 HQ333151 337 2 1 1
coxA-3 HQ333152 338 2 2 0
coxA-4 HQ333153 339 2 2 0

wsp wPom1 HQ333157 330 57 21 36
wsp-2 HQ333158 331 7 7 0
wsp-3 HQ333159 332 2 2 0

fbpA wPom1 HQ333146 327 58 35 23
fbpA-2 HQ333147 328 2 1 1
fbpA-3 HQ333148 329 3 3 0

hcpA wPom1 HQ333149 340 43 25 18
hcpA-2 HQ333150 341 2 2 0

ftsZ wPom1 HQ333155 334 44 29 15
ftsZ-2 HQ333156 335 2 1 1

gatB wPom1 HQ333145 333 24 15 9
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Strain wPom1 was found in 24 plasmids of the gatB
locus (Figure 1) and was identical to wMel (AE017196)
and wCer2 (unpublished data). A comparison of the
wPom1 sequences with the MLST database reveals a close
relationship to wMel (AE017196). Besides a mutation on
the hcpA locus, the wPom1 strain shares all MLST and wsp
alleles with wCer2 of R. cerasi.

Discussion

Rhagoletis pomonella is a model organism for sympatric
speciation (Bush, 1969; Feder et al., 1988, 2010; Berlocher
& Feder, 2002). Although the species is known to be Wol-
bachia infected (O’Neill et al., 1992), detailed characteriza-
tion and distribution of its endosymbiont are missing.
Here, we characterized Wolbachia strains from the two
host races of R. pomonella by cloning and sequencing the
five MLST markers described by Baldo et al. (2006) and
the highly polymorphic surface protein gene wsp (Braig
et al., 1998; Baldo et al., 2010). All individuals were
infected, and coxA was the most diverse locus with at least

four Wolbachia strains. The Wolbachia community is char-
acterized by one very common strain wPom1 and three
strains that produced only few plasmids, indicative for low
titre, poor primer binding or nuclear copies of transferred
Wolbachia genes. Similar low detection levels of aberrant
sequences in other studies were supposed to be PCR or
cloning artefacts (Bandi et al., 1998; Ros et al., 2009). To
safeguard against such artefacts, only mutations found in
different individuals and ⁄ or independent PCR replicas
were included in this study. The different Wolbachia
strains identified here are distinguished only by individual
SNPs. Therefore, it was not possible to design strain-spe-
cific primers (cf. Arthofer et al., 2009a).

Among the MLST loci, rare alleles contributed to 3.0–
4.3% of the total number of plasmids (Table 1) besides
allele wsp-2 detected in 10.6% of the plasmids. These low
frequencies suggest that in future studies, larger sample
numbers and higher cloning efforts are required to reach a
more complete image of strains present in R. pomonella.
Owing to the fact that alleles of the non-wPom1 strains
were all found in multiply infected individuals and that

Figure 1 Wolbachia strains detected in Rhagoletis pomonella collected from apple and hawthorn fruits. Both DNA sequences and amino
acid sequences are presented. The most frequent sequence type of each locus was assigned to wPom1, and the other, less frequent sequence
types were labelled by locus name and consecutive number.
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currently no strain-specific diagnostic PCR is available,
complete assignment of MLST sequence types was not
possible. For the same reason, no proposition about shared
alleles and ⁄ or recombination between the strains can be
made.

Multiple infections of Wolbachia in insects have increas-
ingly been described in many species and seem more com-
mon than initially proposed (e.g., Jamnongluk et al., 2002;
Kawasaki et al., 2010; Arthofer et al., 2009a,b; Schuler
et al., 2009). Currently, there is only limited understand-
ing of the relative titres between strains in multiple infec-
tions, and rare presence of an allele in the cloned plasmids
is often associated with either low density or low frequency
of the observed strain. Both assumptions should be treated
with caution: PCR is not necessarily a semi-quantitative
process, where the DNA ratios in the template are propor-
tional to those in the amplicon (Suzuki & Giovannoni,
1996; Schnell & Mendoza, 1997; Becker et al., 2000). Fur-
thermore, strain density and infection frequency are inde-
pendent parameters: a strain contributing only to a small
part of an individual’s Wolbachia load can nevertheless
infect a high proportion of the individuals of a species.

Do the current data allow any inference whether Wolba-
chia is involved in the speciation process of R. pomonella?
The ubiquity of wPom1 renders a contribution to popula-
tion separation implausible, and we consider wPom1 as an
ancestral lineage that invaded R. pomonella before the
beginning sympatric divergence. For the other strains, in
particular sequence types 3 and 4 of the MLST loci, an
involvement in host race formation cannot be excluded:
cloning and sequencing revealed that apple-infesting indi-
viduals are infected with at least four wPom strains,
whereas only two, wPom1 and sequence type 2 of some
MLST loci, were identified in hawthorn-infesting flies
(Figure 1). To assess the gain in Wolbachia multitude in
the apple-infesting flies, two questions have to be
answered. First, did the additional strains derive from
ancestral R. pomonella strains by mutation, or were they
acquired by horizontal transfer? Second, were the strains
present in R. pomonella prior to the host switch, or did
they only invade after the apple-infesting subpopulation
had formed?

Concerning the first question, the small genetic distance
to wPom1 makes a mutagenic origin of the new strains
more plausible than de novo acquisition, e.g., by para-
sitoid-mediated transfer. The second question is more dif-
ficult to answer. If the mutations that shape the new
strains in the apple host race were accumulated after the
host shift of R. pomonella, the different strains would be
very young (less than time frame since first introduction of
apple trees to America). More importantly, in this case, no
contribution of the new strains to the speciation event can

be assumed, although they could act as enforcement. Alter-
natively, the host plant switch caused changes in the bacte-
rial titres, with higher titres of some Wolbachia strains in
the novel apple host race.

There are two scenarios compatible with our observa-
tions that could, however, allocate Wolbachia a role in
R. pomonella speciation. In scenario one, the mutation
of the ancestral Wolbachia could have directly acted on
R. pomonella host preferences, e.g., by interference of Wol-
bachia with the host’s olfactory system (cf. Peng et al.,
2008). As a consequence, only individuals harbouring the
mutated Wolbachia would perform the host shift, whereas
the wild-type-infected flies would remain on hawthorn.
Scenario two hypothesizes the presence of all strains in the
ancestral fly population, with the ‘new’ strains in a titre
and frequency low enough to blur any reproductive phe-
notype (Serbus et al., 2008). After successful host switch,
the changed environment fosters a titre increase of the
‘new’ strains to a level where phenotypic effects start to
make an impact and, casually, detection by cloning
becomes possible. In this case, the environmentally trig-
gered up-regulation of the strains would subsequently
cause reproductive isolation of the host-shifted flies from
those infesting hawthorn.

Further research is necessary to elucidate which of the
hypotheses presented here caused the current distribution
of the minor Wolbachia strains in R. pomonella and to pin-
point the influence of Wolbachia on the speciation event.
As a next step, we suggest confirmation of the presence
or absence of the potentially new Wolbachia strains in
hawthorn populations. This will require larger samples,
increased sequencing effort, and eventually the use of PCR
techniques that preferentially amplify minor templates.

As only five individuals from one location were analy-
sed, any hypotheses on the evolution of the wPom strains
are vague. Nevertheless, our findings are significant as they
point out the importance of including Wolbachia into the
sympatric speciation model of R. pomonella. Future analy-
ses will bring more light into the distribution of these Wol-
bachia strains on a broader scale and will reveal whether
the reproductive isolation of R. pomonella is influenced by
the different Wolbachia strains. Besides this, it is striking
that MLST loci and wsp of wPom1 are almost identical to
wCer2 from R. cerasi (Arthofer et al., 2009a). Further
analysis of the Wolbachia association of Rhagoletis species
will progress the understanding of horizontal transfer of
Wolbachia within the genus Rhagoletis.
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