Chapter 3

Presence of Wolbachia in Insect Eggs
Containing Antimicrobially Active
Anthraquinones
Abstract. Wolbachia are obligatory, cytoplasmatically inherited α-proteobacteria which
are common in arthropods where they may cause reproductive abnormalities. Many insects
are well-known to protect themselves from deleterious microorganisms by antibiotic
components. In this study, we addressed the question whether Wolbachia are able to infect
insects containing antimicrobially active anthraquinones and anthrones, and if so, whether
these genotypes of Wolbachia comprise a monophyletic cluster within one of the known
supergroups. Leaf beetles of the taxon Galerucini (Galerucinae) are known to contain
1,8-dihydroxylated anthraquinones and anthrones. Also the scale insect Dactylopius
contains an anthraquinone glycoside, carminic acid. Our analyses revealed that a
representative of the Galerucini, Galeruca tanaceti, and Dactylopius are indeed infected by
endosymbiotic Wolbachia bacteria. Phylogenetic analysis of the wsp and ftsZ genes of
these bacteria revealed that strains in G. tanaceti cluster in supergroup A, while those
present in Dactylopius are distinctive from each other and from those of G. tanaceti. They
are clustering in supergroups A and B. Wolbachia strains present in close, but anthraquinone-free relatives of G. tanaceti were shown to belong also to supergroup A. From
these results we can conclude (1) a double infection in Dactylopius, (2) that the presence of
antimicrobially active compounds such as anthraquinones does not necessarily protect
insects from infection by Wolbachia and (3) that genotypes of Wolbachia infecting anthraquinone-containing insects most likely do not comprise a unique genotype. These results
show that Wolbachia bacteria might be adapted to cope with conditions usually detrimental
to other bacteria and that these adaptations are widespread among Wolbachia supergroups.
Keywords. Wolbachia; anthraquinones; antimicrobial activity; leaf beetle; insect egg;
Galeruca tanaceti
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Introduction
Wolbachia (Rickettsiales) are obligatory intracellular, Gram-negative α-proteobacteria
maternally transferred with the cytoplasm of the egg. An infection with these bacteria can
cause different reproductive abnormalities in the host, like induction of parthenogenesis,
male killing, cytoplasmatic incompatibility and feminisation (for reviews see: O’Neill et al.
1997; Stouthamer et al. 1999). These reproductive abnormalities have intensively been
discussed also with respect to their impact on speciation processes in insects (e.g., Werren
1998; Koukou et al. 2006). Wolbachia have been detected in a broad range of insects,
filarial nematodes, crustaceans, mites (Stouthamer et al. 1999) and spiders (Oh et al. 2000).
Recent molecular studies using PCR amplification of the wsp gene revealed that
Wolbachia are present in up to 76% of all tested species (Jeyaprakash and Hoy 2000),
indicating that Wolbachia are more widely distributed than previously expected. Thus,
Wolbachia seem to be very successful in exploitation of hosts. However, to date, little
knowledge is available on the ability of Wolbachia to infect arthropods with eggs
containing antimicrobially active components.
A first aim of this study was to analyse whether Wolbachia are able to infect eggs of leaf
beetles of the tribe Galerucini (subfamily Galerucinae) that contain antimicrobially active
anthraquinones (chrysophanol, chrysazin) and their precursors, the anthrones chrysarobin
and dithranol (Cudlin et al. 1976; Howard et al. 1982; Hilker and Schulz 1991; Manojlovic
et al. 2000; Izhaki 2002). These components are not sequestered by the beetles from their
host plants, but instead are obviously produced in the insects. Anthraquinones and
anthrones do not occur just sporadically in some eggs, but are present in all eggs
investigated so far of 9 Galerucini species (Hilker et al. 1992; Kunze et al. 1996;
Pankewitz and Hilker 2006). In addition to their antimicrobial activity, these components
deter predators like ants and birds from feeding (Howard et al. 1982; Eisner et al. 1994;
Hilker and Köpf 1995; Blum and Hilker 2002). Effects of anthraquinones and anthrones on
endosymbiotic bacteria in insects or on α-proteobacteria other than Wolbachia have not
been studied so far.
Chrysophanol and also structurally very similar anthraquinones like emodin and physcion
have been proved to inhibit growth of free living Gram-negative bacteria (Le Van 1984;
Manojlovic et al. 2000; Kambizi et al. 2004). For example, the anthraquinone emodin is
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toxic against several bacteria in a very low concentration of 10-200 µg ml-1 (Le Van 1984).
The concentrations of anthraquinones detected in the eggs of G. tanaceti (Pankewitz and
Hilker 2006) are within the range of antibiotic activity (Le Van 1984; Kambizi et al. 2004).
Anthraquinones, like many other antibiotics, do not show a general antibacterial activity.
The anthraquinone chrysazin present in Galerucini has an antimicrobial effect on two
Gram-positive bacteria (Bacillus subtilis, B. cereus), whereas no effect was found towards
Gram-negative E. coli (Cudlin et al. 1976). The anthraquinone chrysophanol is present in
about 30 fold higher concentrations than chrysazin in the eggs of the Galerucini species
G. tanaceti (Pankewitz and Hilker 2006). Chrysophanol inhibits some Gram-positive
(B. subtilis, Staphylococcus epidermis) and Gram-negative bacteria (E. coli), but has no
antimicrobial effect against closely related species like B. cereus, S. aureus and the
proteobacterium Shigella sonnei (Kambizi et al. 2004). Other anthraquinones like carminic
acid are present in the scale insect Dactylopius within the range of such concentrations that
display cytostatic activity (Eisner et al. 1980; Gálvez et al. 1996). Up to date it is unknown
whether these compounds are effective against intracellular bacteria.
Given that Wolbachia are present in anthraquinone-containing insect eggs, a further aim
was to study the hypothesis that these Wolbachia represent a specific, anthraquinoneresistant genotype within the phylogenetic tree of Wolbachia. Based on molecular analysis
of 16S rDNA, the ftsZ and wsp genes, six so-called Wolbachia supergroups (A-F) can be
differentiated (Lo et al. 2002; Czarnetzki and Tebbe 2004). While the product of the ftsZ
gene is involved in the control of cell division (Holden et al. 1993), the latter gene is
encoding a major cell surface protein (Braig et al. 1998; van Meer et al. 1999).
To test our hypothesis, first we searched for the presence of Wolbachia in the following
insect species by targeting on the ftsZ and wsp genes: (1) Galeruca tanaceti, a leaf beetle
species belonging to the tribe Galerucini and containing anthraquinones (chrysophanol,
chrysazin) and anthrones (chrysarobin, dithranol), (2) Xanthogaleruca luteola, a close
relative of G. tanaceti belonging to the same tribe and containing the same anthraquinones
and anthrones, (3) Agelastica alni, a leaf beetle species of the tribe Sermylini that is closely
related to Galerucini, but eggs of this species do not contain any anthraquinones (negative
control species) and (4) a distantly related species to G. tanaceti, the scale insect
Dactylopius that contains the anthraquinone glycoside carminic acid in all developmental
stages (Eisner et al. 1980). Second, the 16S rDNA, the ftsZ and wsp gene sequences of
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Wolbachia found in the species studied here were subjected to a phylogenetic analysis by
comparison with Wolbachia strains in 46 (16S rDNA), 48 (ftsZ) and 69 (wsp) other
arthropod species. We used sequences of the respective Wolbachia genes presented by
Shoemaker et al. (2002) and Czarnetzki and Tebbe (2004).

Materials and Methods
Insects
Beetles of Galeruca tanaceti and Agelastica alni were collected near Berlin, Germany and
kept in perforated plastic boxes in the laboratory at 20°C and 16 h light/ 8 h darkness until
oviposition. A. alni was fed with leaves of alder trees, while G. tanaceti, a polyphagous
species, was provided with leaves of Chinese cabbage and Achillea millefolium. The eggs
laid in the laboratory were collected and stored at –20°C until preparation. Eggs of the elm
leaf beetle (Xanthogaleruca luteola) were obtained from adult beetles collected near
Montpellier, France and kept frozen under the same conditions as mentioned above. The
scale insect Dactylopius spec. was collected from its host plant Opuntia spec. at the
Canarian island Lanzarote, Spain and stored in 96% ethanol.

DNA extraction
The hardened, dark extrachorion covering the egg masses of G. tanaceti was removed
manually prior to DNA extraction of eggs. Egg masses of A. alni and X. luteola do not
possess such an extrachorion. Prior to DNA extraction, 30-50 eggs of each species were
surface-sterilised with 10% sodium hypochlorite for 1 min and rinsed twice with 2 ml
sterile water. The GenomicPrep Cells and Tissue DNA Isolation Kit (Amersham
Biosciences, Buckinghamshire, UK) was used. Eggs were crushed with a sterile glass
pestle. Glass beads (0.5 mm; BioSpec Products, Bartlesville, USA) were used to
completely destroy all cells. All buffer solutions were provided with the kit. After vigorous
mixing eggs and buffer, the mixture was incubated for 1 h at 65°C. A proteinase K
digestion was incubated over night. Protein precipitation was conducted twice according to
the instruction manual of the kit by using 100 µl of the protein precipitation solution for
the second step. DNA was stored at -20°C. Extraction of DNA from the scale insect was
done with the same protocol except the first washing step with 10% NaOCl.
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The number of different samples analysed for the presence of Wolbachia were N = 5 for
G. tanaceti, N = 5 for X. luteola, N = 5 for A. alni and N = 3 for Dactylopius spec..

PCR and sequencing
All primers were obtained from Tib Molbiol, Berlin, Germany. All PCR reactions were
performed in 50 µl volume containing 10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl2,
200 µM concentrations of each deoxynucleotide triphosphate (dNTP) and 1 U Taq
polymerase (AmpliTaq, Applied Biosystems, Roche, Canada) with minor changes in the
salt concentrations mentioned for the respective primer pairs.
An approximately 0.9 kb fragment from the 16S rDNA gene was amplified using the
slightly modified primers 99f (5´-TTG TAG CYT GCT ATG GTA TAA CT-3´) and 994r
(O’Neill et al. 1992) specific for Wolbachia. Amplifications were done as described above
with additional 1 mM MgCl2, 30 pmol of each primer and 10 ng of template DNA. The
following cycling conditions were used: initial denaturation for 5 min at 95°C followed by
30 cycles with 95°C for 1 min, 58°C for 1 min, 72°C for 1 min and a final extension step at
72°C for 10 min.
To amplify a 0.6 kb fragment of the bacterial wsp gene, the primer pair wspF and wspR
(Kondo et al. 2002) was used. Amplification reactions were performed as described before
with additional 1.5 mM MgCl2, 50 pmol of each primer and 30 ng of template DNA. The
PCR cycling conditions were as described by Kondo et al. (2002) with a final extension
step at 72°C for 10 min.
For amplifying the ftsZ gene, two different primer pairs were used. For PCR with DNA
from A. alni and Dactylopius spec. the primers ftsZf1 and ftsZr1 (Werren et al. 1995b)
amplifying a 1 kb fragment were used. Amplification reactions were performed as
mentioned above with 25 pmol of each primer and 30 ng of template DNA. The cycling
conditions were as follows: initial denaturation for 3 min at 94°C followed by 35 cycles
with 94°C for 1 min, 55°C for 1 min, 72°C for 1.5 min and a final extension step at 72°C
for 10 min. For the amplification of the ftsZ gene from Wolbachia bacteria present in
G. tanaceti a second primer pair, ftsF and ftsR (Kondo et al. 2002), generating a DNA
fragment of 0.75 kb was used. PCR reaction was done with the general protocol with
additional 1.5 mM MgCl2, 50 pmol of each primer and 30 ng of template DNA. The
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cycling conditions were as follows: initial denaturation for 4 min at 95°C followed by 35
cycles with 95°C for 1 min, 50°C for 1 min, 72°C for 1 min and a final extension step at
72°C for 10 min.
PCR products were ligated and transformed using the TOPO TA cloning kit (Invitrogen,
Carlsbad, California) following the instruction manual. Up to 10 white colonies were
picked and the insert was directly amplified with M13 primers. Plasmids with an insert
according to the expected size were chosen for sequencing on a 3130x Genetic Analyser
(Applied Biosystems, ABI-Hitachi).

Phylogenetic analysis
For sequence assembling, the software program Chromas 1.55 (Technelysium Pty Ltd.,
Australia) was used. Sequences of all three Wolbachia genes analysed here (from
Wolbachia found in G. tanaceti, A. alni and Dactylopius spec.) were included in the
existing alignments presented by Czarnetzki and Tebbe (2004) and Shoemaker et al.
(2002). For the 16S rDNA, the ftsZ and the wsp genes fragments of 880 bp, 632 bp and
509 bp in lengths were used. Due to a high variability and therefore problems for a
confident alignment, the third hypervariable region of the wsp gene was excluded (Zhou et
al. 1998). For all three genes, trees based on neighbour-joining (NJ) method, maximum
likelihood (ML) and maximum parsimony (MP) were constructed using PAUP 4.0b10
(Swofford 2000). Distance matrixes were calculated using the Kimura-2-parameter model.
For bootstrap analysis, 100 replicates were chosen for the NJ and MP trees. The
proteobacterium Anaplasma marginale was used as an outgroup for the 16S rDNA and the
ftsZ alignment. The wsp gene tree was midpoint-rooted.

Results
Detection and sequencing of Wolbachia specific genes
PCR with primers ftsZf1 and ftsZr1 (Werren et al. 1995b) yielded no PCR product with
template DNA of Wolbachia in the anthraquinone-containing beetle eggs of G. tanaceti.
Therefore the alternative primer pair ftsF and ftsR (Kondo et al. 2002) was chosen. With
these primers a partial region of the targeted gene with the PCR product size (approx.
750 bp) that was expected by selected primer pairs was amplified. In the course of the
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cloning procedure for each of the three genes, two distinctive nucleotide sequences were
found only for Wolbachia in the anthraquinone-containing scale insect, Dactylopius spec..
Wolbachia were detected both in anthraquinone-containing eggs of the tansy leaf beetle
G. tanaceti (Galerucinae, tribe Galerucini) and in anthraquinone-free eggs of the alder leaf
beetle A. alni (Galerucinae, tribe Sermylini). They were found in all samples analysed
(N = 5 in G. tanaceti and N = 5 in A. alni). While the three Wolbachia specific genes (16S
rDNA, ftsZ and wsp) were amplified from anthraquinone-containing eggs of the tansy leaf
beetle G. tanaceti, no Wolbachia were detected in the anthraquinone-containing eggs of a
galerucine species of the same tribe, the elm leaf beetle X. luteola (Galerucinae, tribe
Galerucini). In the anthraquinone-rich scale insect Dactylopius spec., Wolbachia specific
PCR products were also detected for each of the three genes in all samples analysed
(N = 3).
Phylogenetic analysis using 16S rDNA, ftsZ and wsp genes
The phylogenetic tree based on the 16S rDNA gene analysis revealed no clear
differentiation and no significant bootstrap support, especially for separation of the
supergroups A and B (data not shown).
However, well supported taxonomic groups (100% bootstrap values for A-F) were
obtained when the faster evolving ftsZ gene was used (Fig. 1). As evident from the gene
genealogies of ftsZ and wsp, Wolbachia present in the galerucine beetles G. tanaceti
(anthraquinone-containing) and A. alni (anthraquinone-free) cluster among members of the
supergroup A (Fig. 1 and 2). In contrast, the different sequences of the ftsZ and wsp genes
from the same individual of the scale insect Dactylopius cluster in supergroup A and B.
These results are supported by high bootstrap values. For the 16S rDNA only a single
sequence type was found for the latter species (data not shown). The Wolbachia sequences
detected in the galerucine leaf beetles Diabrotica virgifera (anthraquinone-free) and
G. tanaceti (with anthraquinone) are next neighbours, while the Wolbachia strains of the
anthraquinone-containing scale insect Dactylopius spec. are distantly related to G. tanaceti
(Fig. 1). Tree topologies did not change independent of the construction method (MP or
ML) used (data not shown). Thus, only the trees based on the distance method are shown.
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Agelastica alni, Coleoptera
Byturus tomentosus, Coleoptera, AF250966
Nephila clavata, Aranea, AF232235
Dactylopius sp., Hemiptera
Drosophila sechellia, Diptera, U28179
Ephestia kuehniella, Lepidoptera, U62125
A
Drosophila simulans, Diptera, U28185
Muscidifurax uniraptor, Hymenoptera, U28186
Nasonia longicornis, Hymenoptera, U28187
Aphytis chrysomphali, Hymenoptera, Y13666
100
Drosophila melanogaster, Diptera, U28189
Tribolium confusum, Coleoptera, U28192
Galeruca tanaceti, Coleoptera
64
61 Diabrotica virgifera, Coleoptera, AF011271
Folsomia candida, Collembola, AJ344216
100
Paratullbergia
callipygos, Collembola, AJ575101
E
100
Mesaphorura italica, Collembola, AJ575103
Dactylopius sp., Hemiptera
60 Phyllonorycter quinnata, Lepidoptera, AJ005887
Culex pipiens, Diptera, U28209
Gryllus integer, Ensifera, AF011269
Gryllus integer, Ensifera, U83107
Nasonia giraulti, Hymenoptera, U28203
Diplolepis rosea, Hymenoptera, U83891
Nasonia longicornis, Hymenoptera, U28204
Diplolepis rosea, Hymenoptera, U83885
79
Acraea macarista, Lepidoptera, AJ271204
Nasonia vitripennis, Hymenoptera, U28205
Diplolepis rosae, Hymenoptera, U83889
Phyllonorycter schrebiella, Lepidoptera, AJ005886
Armadillidium vulgare, Isopoda, AJ223243
B
Chaetophiloscia elongata, Isopoda, AJ223246
Tribolium confusum, Coleoptera, U97352
Trichogramma cordubensis, Hymenoptera, U28200
Trichogramma chilonis, Hymenoptera, U74471
93
Trichogramma pretiosum, Hymenoptera, U74482
88
Trichogramma deion, Hymenoptera, U74472
Trichogramma nubilale, Hymenoptera, U74479
Trichogramma oleae, Hymenoptera, U74480
100
100 Franklinothrips vespiformis, Thysanoptera, AB045315
Encarsia formosa, Hymenoptera, U28196
62
94
Adalia bipunctata, Coleoptera, AJ130717
Gryllus pennsylvanicus, Ensifera, U83099
Brugia pahangi, Filaria, AJ010270
100
D
Litomosoides sigmodontis, Filaria, AJ010271
Onchocerca volvulus, Filaria, AF282845
83
98
100
Onchocerca gibsoni, Filaria, AJ010267
100
Onchocerca gutturosa, Filaria, AJ010266
C
Dirofilaria immitis, Filaria, AJ010272
95
Dirofilaria repens, Filaria, AJ010273
Kalotermes flavicollis, Isoptera, AJ292345
F
Microcerotermes sp., Isoptera, AJ292346
Anaplasma marginale, AJ010274
92

0.01

Figure 1. Neighbour-joining phylogram of Wolbachia strains using ftsZ gene sequences. Anaplasma marginale was used
as outgroup. Bootstrap values (100 replicates) for nodes are indicated (above 50). Taxon labels refer to the host species
from which the Wolbachia strain was isolated. The Wolbachia strains from hosts analysed in this study are indicated in
bold. Arrows mark species containing known antimicrobial/ cytostatic components (bold: anthraquinones or
anthraquinone glycosides; dashed: cucurbitacins). The six supergroups (A-F) are indicated by vertical bars. Sequences for
the following organisms were deposited at EMBL database: Dactylopius spec. (AM180552 and AM180555), A. alni
(AM180553) and G. tanaceti (AM180554).
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Discussion
Wolbachia were found to be present in leaf beetle eggs containing 1,8-dihydroxylated
anthrones (chrysarobin and dithranol) and anthraquinones (chrysophanol and chrysazin).
Also the scale insect Dactylopius spec. containing carminic acid as anthraquinone
glycoside harboured Wolbachia. The presence of antimicrobially and cytostatically active
anthraquinones did obviously not protect the insects and their eggs from an infection with
Wolbachia.
How can Wolbachia circumvent the antimicrobial activity of anthraquinones? The phenolic
hydroxy groups enable anthraquinones to affect very different cellular targets by formation
of hydrogen and ionic bonds with proteins, thus affecting e.g., enzymes, receptors or ion
channels (Wink and Schimmer 1999). For example, anthraquinones have been shown to
affect nucleic acid synthesis in Bacillus subtilis (Levin et al. 1988). However, the
membranes enveloping Wolbachia might provide protection from attacks by multitargeting anthraquinones. Wolbachia is not only enclosed by two bacterial membrane
layers, but also by a third, outer layer of host origin (Louis and Nigro 1989; Stouthamer et
al. 1999). The antimicrobial activity of anthraquinones and anthrones towards Wolbachia
will depend on the ability of these components to permeate the membranes. A considerable
amount of anthraquinones and anthrones in the eggs of G. tanaceti are present in a bound
form, while about less than half of the quantities occur free (Pankewitz and Hilker 2006).
When subjecting egg extracts of G. tanaceti to acidic hydrolysis, the free anthraquinone
aglyca were obtained, however, the components to which the anthraquinones bind have not
been identified so far. When considering the concentrations of only the free anthraquinones
and anthrones in the eggs of G. tanaceti, these are still within the range of antimicrobially
active concentrations (Le Van 1984; Kambizi et al. 2004; Pankewitz and Hilker 2006). The
free aglyca of the anthraquinones present in Galerucini have intermediate polarity. The
anthraquinone emodin that is very similar to chrysophanol and chrysazin has been shown
to weaken hydrophobic interactions in membranes due to its amphiphilic character. Only
when emodin was enclosed in liposomes, it easily could pass membranes and display
antimicrobial effects (Alves et al. 2004). Whether chrysophanol and chrysazin present in
Galerucini eggs are able to interfere or even to pass the Wolbachia membranes, needs to be
addressed in future studies.
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Acraea encedon, Lepidoptera, AJ130716
Dactylopius sp., Hemiptera
Blastophaga nipponica, Hymenoptera, AF521155
Torymus bedeguaris, Hymenoptera, AF071915
Laodelphax striatellus, Hemiptera, AF020080
98 Elenchus japonicus, Strepsiptera, AB039283
Tribolium confusum, Coleoptera, AF020083
61
Blastophaga nipponica, Hymenoptera, AF521156
Physothorax sp., Hymenoptera, AF521157
Trichogramma deion, Hymenoptera, AF020084
54
Trichogramma deion, Hymenoptera, AF071925
Trichogramma oleae, Hymenoptera, AF245166
Trichogramma pretiosum, Hymenoptera, AF245163
Trichogramma sibericum, Hymenoptera, AF071923
97
Trichogramma evanescens, Hymenoptera, AF245167
Trichogramma nubilale, Hymenoptera, AF071926
Trichogramma semblidis, Hymenoptera, AF245162
83
Teleogryllus taiwanemma, Ensifera, AB035514
Apoanagyrus diversicornis, Hymenoptera, AF071916
Adalia bipunctata, Coleoptera, AJ130715
Solenopsis invicta, Hymenoptera, AF243436
Diplolepis rosae, Hymenoptera, AF071922
Tagosedes orizicolus, Hemiptera, AF020085
99
Cadra cautella, Lepidoptera, AF020076
Eretmocerus staufferi, Hymenoptera, AF071919
Leptopilina australis, Hymenoptera, AF071920
Encarsia formosa, Hymenoptera, AF071918
100
Critogaster sp., Hymenoptera, AF521154
Telenomus nawai, Hymenoptera, AB037893
Eupristina verticillata , Hymenoptera, AF521153
Armadillidium vulgare, Isopoda, AJ269474
94
Oniscus asellus, Isopoda, AJ269475
Drosophila simulans, Diptera, AF020074
100
Culex pipiens pallens, Diptera, AF216860
Gronotoma micromorpha, Hymenoptera, AB037895
Amitus fuscipennis, Hymenoptera, AF071909
Asobara tabida, Hymenoptera, AY581193
Drosophila simulans, Diptera, AF020067
Ceratosolen bakeri, Hymenoptera, AF521158
Physothorax sp., Hymenoptera, AF521170
Drosophila melanogaster, Diptera, AF020066
100
Drosophila recens, Diptera, AY154399
Dactylopius sp., Hemiptera
Leptopilina heterotoma, Hymenoptera, AF124858
Coccidoxenoides pergrinus, Hymenoptera, AF071914
95
Glossina morsitans centralis, Diptera, AF020078
95
Nasonia vitripennis, Hymenoptera, AF020081
Ephestia kuehniella, Lepidoptera, AF071911
Trichogramma bourarachae, Hymenoptera, AF071913
100
Trichogramma kaykai, Hymenoptera, AF071912
Leptopilina heterotoma, Hymenoptera, AF124860
59
Muscidifurax uniraptor, Hymenoptera, AF020071
Pachycrepoideus dubius, Hymenoptera, AF124852
100
Aepocerus sp., Hymenoptera, AF521171
A
Physothorax sp., Hymenoptera, AF521171
Idarnes sp., Hymenoptera, AF521169
Drosophila auraria, Diptera, AF020062
59
Solenopsis richteri, Hymenoptera, AF243437
Blastophaga browni, Hymenoptera, AF521165
Asobara tabida, Hymenoptera, AF124859
100
Pegoscapus hoffmeyeri, Hymenoptera, AF521164
Pegoscapus lopesi, Hymenoptera, AF521162
Asobara tabida, Hymenoptera, AF124856
100
Trichopria drosophilae, Hymenoptera, AF071910
87
78
Agelastica alni, Coleoptera
Galeruca tanaceti, Coleoptera
Glossina austeni, Diptera, AF020077
Drosophila simulans, Diptera, AF020068
100
Drosophila sechellia, Diptera, AF020073
100
Cadra cautella, Lepidoptera, AF020075
Phlebotomus papatasi, Diptera, AF020082
Pegoscapus herrei, Hymenoptera, AF521150
Neochrysocharis formosa, Hymenoptera, AB037897

B

0.01

Figure 2. Neighbour-joining phylogram of Wolbachia strains based on wsp gene sequences. The tree was midpointrooted. Bootstrap values (100 replicates) for nodes are indicated (above 50). Taxon labels refer to the host species from
which the Wolbachia strain was isolated. The Wolbachia strains from hosts analysed in this study are indicated in bold.
Arrows mark species containing known antimicrobial/ cytostatic components (bold: anthraquinone or anthraquinone
glycosides). The supergroups A and B are indicated by vertical bars. Sequences for the following organisms were
deposited at EMBL database: Dactylopius spec. (AM180556 and AM180557), A. alni (AM180558) and G. tanaceti
(AM180559).
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The susceptibility of Wolbachia to other antibiotics than anthraquinones varies greatly,
from high susceptibility to antibiotics like doxycycline and rifampin to very low
susceptibility to, e.g., gentamicin or thiamphenicol (Fenollar et al. 2003). The target of
these antibiotics are enzymes involved in translation or transcription (Finch et al. 2003).
Both doxycycline and rifampin possess phenolic OH-groups like anthraquinones, but their
stronger lipophily might enable them to pass membranes much faster than can be expected
from free anthraquinones (Kenny and Strates 1981; Riond and Riviere 1988; Alves et al.
2004).
Wolbachia are also present in insects containing other cytotoxic natural products than
anthraquinones. For example, Wolbachia were found in eggs of the cucumber leaf beetle
Diabrotica virgifera (Giordano et al. 1997), which contain cytotoxic cucurbitacins
(Ferguson et al. 1985; Teuscher and Lindequist 1994). The eggs of the coccinellid Adalia
bipunctata harbour Wolbachia (Hurst et al. 1999) in spite of the presence of alkaloids, the
homotropane adaline and the piperidone adalinine (Lognay et al. 1996), which are toxic for
amphibians, reptiles and birds (Teuscher and Lindequist 1994). However, the activity of
these natural products against microorganisms has not been tested in detail.
Since phylogenetical distant strains of Wolbachia were found to be able to infect
anthraquinone-containing insects like G. tanaceti and Dactylopius, our data suggest that
resistance against anthraquinones is very likely a common trait that is widespread in
different Wolbachia genotypes. Since recombination was detected in the wsp gene,
phylogenetic analyses based on this gene may be questioned (Baldo et al. 2005). However,
no recombination of the ftsZ gene is known so far (Baldo et al. 2006). In our study, both
the phylogenetic analyses based on wsp and ftsZ sequences place Wolbachia in
anthraquinone-containing insects in supergroups A and B. Therefore, our hypothesis that
anthraquinone resistance is a character of a unique genotype of Wolbachia can most likely
be rejected. In the recently sequenced genome of Wolbachia from Drosophila
melanogaster (wMel) only gene sequences for a putative penicillin-binding protein and a
putative multi-drug resistance protein were detected (Wu et al. 2004). Anthraquinone
resistance, however, may be encoded on mobile elements distributed by horizontal gene
transfer like the antimicrobial resistance in other bacteria (Gill et al. 2005) and thus is not a
prerequisite of any Wolbachia strain.
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The chosen cloning procedure allowed to obtain different sequence types for the
Wolbachia wsp and ftsz genes in a single individual of the scale insect Dactylopius spec.,
clustering in supergroups A and B. With the primers used for the 16S rDNA gene, only Atype Wolbachia were detected in Dactylopius spec.. Due to the low resolving power of the
latter gene (O’Neill et al. 1992), no further search for B supergroup Wolbachia was
conducted. Our findings indicate that two different Wolbachia strains are able to infect
Dactylopius. To explain the presence of Wolbachia genes belonging to different
supergroups in one individual, several hypotheses have been suggested: (i) Wolbachia is
present with two different copies of one gene (gene duplication events) (Breeuwer et al.
1992), (ii) two different Wolbachia strains are present in a single individual (double
infection) (Breeuwer et al. 1992) or (iii) recombination events between strains of different
supergroups occurred, e.g., by horizontal transfer (Malloch and Fenton 2005). Evidence for
genetic exchange of Wolbachia was found in two Byturus raspberry beetles (Malloch and
Fenton 2005). These beetles harbour a single copy of the Wolbachia ftsZ gene belonging to
supergroup A, whereas the copy of the wsp gene is grouped with type B sequences
(Malloch and Fenton 2005). This did not match the situation in Dactylopius spec., where
the ftsZ and the wsp gene sequences both cluster with sequences from supergroup A and B.
Also, the two-copies-one-gene hypothesis is unlikely because it has been shown by Braig
et al. (1998) that the wsp gene occurs in a single copy within the Wolbachia genome. But a
recent study sequencing the genome of Wolbachia from Drosophila melanogaster (wMel)
found a duplication in the wsp gene: Additional to the wsp gene, two paralogs were
detected in the genome suggesting that multiple copies can co-exist, but they are different
from wsp (Wu et al. 2004). With the wsp specific primers used in our study, we cannot
have amplified such paralogs. Thus, the most parsimonious explanation for two different
copies of the wsp and ftsZ genes in Dactylopius is double infection. In fact, double
infections with two Wolbachia strains seem to be quite common. For example, a study on
154 Panamanian insects revealed a Wolbachia double infection rate of 35% (Werren et al.
1995a).
No Wolbachia bacteria were present in the eggs of the elm leaf beetle X. luteola, an
anthraquinone-containing species also belonging to the taxon Galerucini like G. tanaceti
does. Several other studies show that in closely related potential host species one may
harbour Wolbachia, while the other one is not infected, as was demonstrated in different
Drosophila species and nematodes or in two sibling species of butterflies (Casiraghi et al.
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2004; Miller and Riegler 2006; Narita et al. 2006). Two explanations were suggested for
these findings: (i) the host ancestor has been infected by Wolbachia and one of the derived
species kept the infection, the other one lost it (vertical transmission); (ii) each species
gains the bacteria individually, while the ancestor was not infected (horizontal
transmission) (Casiraghi et al. 2004). The fact that the Wolbachia sequences detected in
G. tanaceti cluster with the Wolbachia sequences of other Galerucinae (ftsZ gene: with
D. virgifera, Luperini, Galerucinae; wsp gene: with A. alni, Sermylini, Galerucinae) may
argue for transfer from an ancestral Galerucinae species and a single loss of infection in the
close relative X. luteola. Future studies on Wolbachia in Galerucinae need to be undertaken
to confirm this hypothesis.
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