Chapter 2

Anthraquinones as Defensive Compounds in
Eggs of Galerucini Leaf Beetles: Biosynthesis
by the Beetles?
Abstract. Eggs of leaf beetles of the tribe Galerucini, subfamily Galerucinae, contain
polyketides that are unusual in insects: 1,8-dihydroxylated anthraquinones (chrysazin,
chrysophanol) and anthrones (dithranol, chrysarobin) deterring predators. The host plants
do not contain these compounds. In the present study, we tested the hypothesis that
bacterial or fungal microorganisms living as endosymbionts with the beetles produce the
anthraquinones. The tansy leaf beetle Galeruca tanaceti was used as Galerucini model
organism. It was treated with antimicrobial substances to eradicate the microorganisms and
inhibit the hypothesised endosymbiotic anthraquinone production. Despite treatment
female G. tanaceti laid eggs containing anthraquinones. Although broad spectrum
antimicrobials were used, it cannot be excluded that the potential endosymbiotic
microorganisms are resistant. Given that the hypothesised endosymbionts are transferred
via the eggs from one generation to the next, bacterial or fungal DNA was expected to be
present in the eggs. With the exception of Wolbachia pipientis, however, no further 16S
rDNA from bacteria responsible for anthraquinone biosynthesis were detected in eggs of
untreated beetles. Because Wolbachia were also found in closely related anthraquinonefree insects, we exclude this bacteria as producers of the defensive polyketides. Nor was
any 18S rDNA from fungi with anthraquinone biosynthetic abilities detected. Our results
indicate that anthraquinones and anthrones in eggs of Galerucini are not produced by
endosymbiotic microorganisms within the eggs.
Keywords. polyketide; Galeruca tanaceti; microorganism; endosymbiont; Wolbachia
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Introduction
Anthraquinones and their precursors, anthrones, are natural products present in many
different organisms ranging from bacteria, fungi, plants to several marine animals and
terrestrial insects (Teuscher and Lindequist 1994; Thomson 1996; Blum and Hilker 2002).
While 1,2-dihydroxylated anthraquinones (Rubia type anthraquinones) are usually
produced via the shikimate pathway, 1,8-dihydroxylated anthraquinones (chrysophanol
type anthraquinones) are biosynthesised by folding a polyketide chain (Han et al. 2001).
Many bacteria and fungi produce anthraquinones or related compounds via the polyketide
pathway (Rawlings 1999).
In insects only very few species are known to contain anthraquinones that are not
sequestered from food. For example, the scale insect Dactylopius spec. contains carminic
acid, a red anthraquinone glycoside (Eisner et al. 1980), whereas the food plants (Opuntia
spp.) do not. Similarly, leaf beetles of the taxon Galerucinae, tribe Galerucini, contain
1,8-dihydroxylated anthraquinones as well as their biosynthetic precursors, the anthrones
(Howard et al. 1982; Hilker et al. 1992; Blum and Hilker 2002). These components are not
present in host plants of the beetles. Leaf beetle species from other tribes closely related to
Galerucini, however, do not contain anthraquinones (Hilker et al. 1992). Thus, the
presence of anthraquinones in Galerucini can be considered a chemical marker. A well
studied Galerucini species is the tansy leaf beetle Galeruca tanaceti that contains the
anthraquinones chrysazin and chrysophanol as well as the anthrones chrysarobin and
dithranol in eggs, larvae and adults (Hilker and Schulz 1991). Anthraquinones and
anthrones have a defensive function against predators like ants (Eisner et al. 1980; Howard
et al. 1982; Hilker and Schulz 1991) and birds (Hilker and Köpf 1995; Avery et al. 1997).
These substances also show antimicrobial activity against bacteria and fungi and may thus
protect from microbial infections (Cudlin et al. 1976; Manojlovic et al. 2000; Izhaki 2002).
It is unknown, however, whether anthraquinones and anthrones in insects are produced by
insects themselves or by endosymbiotic microorganisms. Because of the production of
anthraquinones by a broad range of bacteria and fungi, endosymbionts were postulated as
producers of anthraquinones in scale insects (Kayser 1985) and in Galerucini (Howard et
al. 1982; Hilker and Schulz 1991). Indeed, endosymbiotic microorganisms are well-known
to mediate insect nutrition, production of insect pheromones and defence against insect
pathogens and predators (Buchner 1965; Moran and Telang 1998; Dillon et al. 2002;
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Gebhardt et al. 2002; Kellner 2002; Douglas et al. 2002; Dillon and Dillon 2004; Dillon et
al. 2005). For example, the polyketide pederin, a defensive substance in female staphylinid
beetles of the genus Paederus, is produced by endosymbiotic γ-proteobacteria (Kellner
1999, 2002). Only eggs from beetles infected with these bacteria contain pederin (Kellner
2001). The production of the polyketide in Paederus by endosymbiotic bacteria was
further confirmed by molecular studies detecting the genes which encode the polyketide
synthases (PKS) essential for the production of pederin (Piel 2002; Piel et al. 2005).
The aim of this study was to elucidate whether endosymbiotic microorganisms play a role
in anthraquinone biosynthesis in Galerucini. The tansy leaf beetle G. tanaceti was used as
model insect. In a first approach, we examined whether treatment of female G. tanaceti
with antimicrobial drugs blocks anthraquinone biosynthesis. Furthermore, eggs were
screened for endosymbionts by molecular methods. Eggs were chosen for the following
reasons: (1) Anthraquinones and anthrones are present in the eggs and thus, possible
endosymbiotic producers might inhabit the eggs; (2) Vertical transfer of endosymbionts
from one generation to the next can be conducted generally by contamination of the habitat
with these microorganisms or by associating endosymbionts with the eggs (Kellner 2002).
Eggs of G. tanaceti overwinter, and the habitat vegetation is renewed when the next
generation occurs. With respect to cold temperatures during winter and habitat renewal in
spring, transfer of endosymbionts via the eggs is expected to be the safest strategy to
ensure that the next generation will harbour endosymbionts.
So far, only the intracellular, Gram-negative α-proteobacteria Wolbachia pipientis were
detected in anthraquinone-containing eggs of the tansy leaf beetle G. tanaceti. These
bacteria, however, were absent in the closely related elm leaf beetle Xanthogaleruca
luteola (Galerucinae, tribe Galerucini) that also contains anthraquinones, but present in
another leaf beetle, Agelastica alni (Galerucinae, tribe Sermylini) without anthraquinones
(Hilker et al. 1992; Pankewitz, unpublished data) (Tab. 1). Therefore, we consider it very
unlikely that Wolbachia are involved in anthraquinone biosynthesis in G. tanaceti.
Nevertheless, other symbiotic bacteria than Wolbachia or fungi might be involved in
anthraquinone biosynthesis in Galerucini. Thus, we screened for both bacterial and fungal
DNA in eggs of G. tanaceti. Since eggs of X. luteola also contain anthraquinones, while
eggs of A. alni do not, both species were used as positive and negative controls,
respectively.
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Materials and methods
Insects
Egg clutches of Galeruca tanaceti were collected near Berlin, Germany. A part of these
egg clutches was stored at –20°C for molecular studies. With the other part, a laboratory
culture was established using the following conditions: 20°C, 70% relative humidity and
18:6 h, L:D (light:dark) for development from eggs to adults. Larvae were kept in
perforated plastic boxes and fed with Chinese cabbage (Brassica rapa var. pekinensis)
until pupation. Adult beetles emerged from these pupae were treated with antimicrobials
and kept as described below.
Adults of the alder leaf beetle (Agelastica alni) and elm beetle (Xanthogaleruca luteola)
were collected in the field and kept on leaves of their host plants (Alnus glutinosa and
Ulmus minor, respectively) until oviposition at the same conditions as described for
G. tanaceti. Eggs of both species were frozen and stored at –20°C. Collection site of the
elm leaf beetles was near Montpellier, France. The alder leaf beetles were collected in
Berlin, Germany.

Antimicrobial treatments
As soon as adult G. tanaceti emerged from pupae in the laboratory, each beetle was kept
singly in a Petri dish at abiotic (long day) rearing conditions mentioned above. Beetles
were fed with leaf discs (0.5 cm diameter) of Chinese cabbage treated with liquid
antimicrobials applied onto the disc by a pipette. Leaf discs were renewed every day. To
eliminate bacterial endosymbionts, ten females were fed with tetracycline (Aldrich,
Steinheim, Germany), a broad range antibioticum, at a dose of 16 µg/ day each. For the
eradication of fungal endosymbionts, 12 females were fed with itraconazol (Janssen-Cilag,
Neuss, Germany), a broad range antimycoticum with a dose of 2 ng/ day each. Both
treatments lasted 8 days. Males were treated in the same way. Treated males and females
were allowed to mate in a plastic box. After mating, beetles were transferred to a short day
L:D cycle, i.e., 6:18 h, to break their reproductive diapause, because egg deposition only
occurs at short day conditions in G. tanaceti. Temperature and relative humidity were not
changed. Beetles were supplied with Chinese cabbage during this period. After four weeks
at these short day conditions, females started to lay egg clutches, which were removed
from the rearing boxes as soon as they were laid and stored at -20°C prior to analyses.
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Anthraquinone detection in eggs
Solutions containing 1,8-dihydroxylated anthraquinones like chrysophanol and chrysazin
are brightly yellow to orange. When methanolic KOH (5%) is added, a bathochromic shift
is observed from yellow/ orange ( λ EtOH
= 427 nm) to red ( λ EtOH
= 513 nm) (Thomson
max
max
1976; Howard et al. 1982). To gain a first hint on the presence or absence of
anthraquinones in eggs from treated G. tanaceti females, 5 µl methanolic KOH (5%) were
added to 20 squeezed egg masses collected of ten females. It was recorded whether a
bathochromic shift occurred.
The extracts of eggs obtained from eight treated females were analysed by coupled gas
chromatography - mass spectroscopy (GC-MS). The extrachorion was removed from eggs
prior to extraction. Per sample, 20 eggs were homogenised in 100 µl 1 N HCL in acetone.
This mixture was incubated at room temperature for 24 h, centrifuged, and the supernatant
was applied onto a SI-column (Isolute®Spe columns: 100 mg, 3 ml; IST, Mid Glamorgan,
UK). Extraction from the column was done in two elution steps with 250 µl acetone each
and two additional steps with 250 µl methanol each. Twenty five microlitre of an internal
standard (2-hydroxy-methyl-anthraquinone; 0.1 mg/ ml; Aldrich, Steinheim, Germany)
were also applied to the column prior to the second acetone elution step. To remove the
solvents 20 µl of this eluate were evaporated with N2. The dried samples were resolved in
20 µl BSTFA (BSTFA + TMCS, 99:1; Supelco, Bellefonte, PA, USA) for derivatisation
and incubated for 1 h at 80°C. A detailed protocol of sample preparation was described by
Pankewitz and Hilker (2006). One microlitre of each reaction was analysed by GC-MS
(Fisons model 8060 GC coupled to a MD 800 quadrupole mass spectrometer, Thermo
Finnigan, Egelsbach, Germany) at the following conditions: injector temperature: 240°C,
column: DB-1 fused silica, 30 m x 0.32 mm i.d., film thickness 0.25 µm (J & W Scientific,
Folsom, CA, USA), carrier gas: helium with inlet pressure 10 kPa, temperature program:
100°C for 4 min, increase in temperature with a rate of 10°C/ min to 280°C, solvent delay:
10 min. Anthraquinones and anthrones present in the sample were identified by
comparison with EI mass spectra and retention times of synthetic reference substances
(Aldrich, Steinheim, Germany; chrysarobin: gift from Alfred Köpf, Zürich, Switzerland).
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Molecular methods:
DNA extraction
Eggs from untreated G. tanaceti, X. luteola and A. alni beetles were used. The extrachorion
covering the egg masses of G. tanaceti was manually removed prior to DNA extraction.
Egg masses of A. alni and X. luteola do not have such an extrachorion. As argued above,
we expect that if endosymbionts are the anthraquinone-producers in G. tanaceti, the
symbionts should be present inside the eggs. If the transmission of endosymbionts is
transovarial (i.e., the symbionts are inside the eggs), this is expected to be a strategy for all
Galerucini. Therefore, we sterilised the egg surface of all species studied to remove
environmental microorganisms. For surface sterilisation, 30 to 50 eggs per species were
treated with 10% sodium hypochlorite for 1 min and rinsed twice with 2 ml sterile water.
For DNA preparation from eggs the GenomicPrep Cells and Tissue DNA Isolation Kit
(Amersham Biosciences, Buckinghamshire, UK) was used. Eggs were squeezed with a
sterile glass pestle and vortexed with glass beads (0.5 mm; BioSpec Products, Bartlesville,
USA). All buffer solutions were provided with the kit. After vigorous mixing eggs and
buffer, the mixture was incubated for 1 h at 65°C, followed by proteinase K digestion over
night. Protein precipitation was conducted twice according to the instruction manual by
using 100 µl of the protein precipitation solution for the second step. The DNA was stored
at -20°C.

Detection of bacterial DNA
Four different DNA extractions obtained from G. tanaceti eggs were screened for bacterial
DNA. One DNA extraction each obtained from anthraquinone-containing X. luteola eggs
and from anthraquinone-free A. alni eggs were used as positive and negative controls,
respectively.
For amplification of the putative bacterial 16S rDNA (approx. 1.5 kb), the universal
eubacterial primers TPU1 (5´-AGAGTTTGATCMTGGCTCAG-3´) and RTU8 (5´AAGGAGGTGATCCANCCRCA-3´) were used. PCR reactions were done in a 50 µl
volume containing 5 µl 10x buffer (containing 15 mM MgCl2) (Applied Biosystems,
Roche, Canada), 4 µl dNTP mix (2.5 mM each dNTP), additional 3 µl MgCl2 (25 mM),
15 pmol of each primer, 2 U Taq polymerase (AmliTaq, Applied Biosystems, Roche,
Canada), and 20 ng of template DNA. The following cycling conditions were used: initial
denaturation for 5 min at 95°C followed by 35 cycles with 94°C for 1 min, 53°C for
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1.5 min, 72°C for 2 min and a final extension step at 72°C for 10 min. The resulting
products were checked with standard agarose gels, and fragments of the expected size were
purified and cloned using the TOPO TA cloning kit (Invitrogen, Carlsbad, California)
following the instruction of the manufacturers.
Several hybridisation probes were used to exclude clones containing 16S rDNA of
Wolbachia from further analysis and in a second step to detect eubacterial rDNA. For
hybridisation the inserts of all white colonies obtained from the cloning procedure were
subsequently amplified in 35 µl volumes using standard M13 primers provided with the
kit. While 5 µl of the PCR product were checked on agarose gels for the presence of the
respective 1.5 kb fragment, the remaining 30 µl were used for the hybridisation
procedures. For denaturation the amplification products were mixed with 200 µl buffer
containing 0.4 M NaOH and 8.3 mM EDTA, then heated to 95°C for 10 min and directly
cooled on ice. The whole reaction was spotted to a nylon membrane (Bio BondTM-Plus,
Sigma, Steinheim, Germany), which was moistened with 6x SSC (20x SSC: 3 M NaCl,
0.3 M Na-citrate) and fixed in a microfiltration apparatus (Bio-Rad Laboratories,
Richmond, CA) prior to application. After drying, the DNA was fixed on the membrane by
baking at 100°C for 1 h. As controls, PCR products from Ehrlichia spec. and Escherichia
coli obtained with TPU1/ RTU8 primers were additionally applied onto the nylon
membrane and hybridised the same way.
Hybridisation was conducted in two steps, firstly the specific Wolbachia-16S probe
(5´-CTATGGTATAACTTAGTGG-3´, Tib Molbiol, Berlin, Germany) was applied
following a mixture of probes to detect the remaining bacteria (Eub 338: 5´-GCTGCCTCCCGTAGGAGT-3´, Eub 338_II: 5´-GCAGCCACCCGTAGGTGT-3´, Eub 338_III: 5´GCTGCCACCCGTAGGTGT-3´, Tib Molbiol, Berlin, Germany). Probes were labelled
with digoxigenin using DIG Oligonucleotide 3´-End Labeling Kit (Roche Diagnostics,
Mannheim, Germany). For stripping the first probe, the membrane was treated with 10 ml
stripping buffer (3 M NaOH, 10% SDS) at 37°C twice and subsequently with 10 ml 2x
SSC for 5 min at the same temperature.
Prehybridisation of the nylon membrane was conducted with 10 ml hybridisation buffer
(5x SSC, 0.1 N-laurylsarcosin, 0.02% sodium dodecyl sulfate [SDS], 1% blocking reagent
(Roche Diagnostics, Mannheim, Germany)) for 30 min at 58°C (Wolbachia-16S) or 52°C
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(Eub 338 mix). Hybridisation was done for 2 h at the same temperature with 10 ml
hybridisation buffer containing 30 pmol of each probe, followed by two washing steps
each for 15 min at 68°C with 10 ml washing buffer (first washing:5x SSC, 0.2% SDS,
second washing: 2x SSC, 0.1% SDS). For detection the DIG Luminescent Detection Kit
(Roche Diagnostics, Mannheim, Germany) was applied. All steps were performed at 37°C
in 10 ml volume each: Washing for 3 min with maleic acid buffer (0.1 M maleic acid,
0.15 M NaCl), first blocking step for 30 min with 1% blocking buffer, second blocking
step for 30 min with 1% blocking buffer including 2 µl anti-DIG antibody, two washing
steps for 15 min with maleic acid buffer, a single step for 3 min with detection buffer and a
last step with detection buffer containing 10 µl CSPD for 15 min. The membrane was
wrapped in transparent film to avoid drying and was exposed to X-ray film at room
temperature over night.
Only clones that showed a positive hybridisation signal with the eubacterial probe mixture
were sequenced using a 3130x Genetic Analyser (Applied Biosystems, ABI-Hitachi).

Detection of fungal DNA
Six different DNA extractions obtained from G. tanaceti eggs were screened for fungal
rDNA. Three DNA extractions each of X. luteola and A. alni eggs were again used as
controls. For the detection of fungal rDNA, two primer pairs, S3/ UF1 and S1/ RZY1, were
used that were expected to amplify fragments of approximately 900 bp from Ascomycetes
and Basidiomycetes and of approximately 200 bp from Zygomycetes (Kappe et al. 1998).
Amplifications were done in 50 µl volume containing 5 µl 10x buffer (containing 15 mM
MgCl2) (Applied Biosystems, Roche, Canada), 4 µl dNTP mix (2.5 mM each dNTP) for
S3/ UF1 or 2 µl dNTP mix for S1/ RZY1, additional 7 µl MgCl2 (25 mM) for S1/ RZY1
only, 60 pmol of each primer, 2 U Taq polymerase (AmliTaq, Applied Biosystems, Roche,
Canada) and 20 ng of template DNA. The following cycling conditions were used: initial
denaturation for 5 min at 95°C followed by 34 cycles with 94°C for 1 min, 54°C (S3/ UF1)
or 58°C (S1/ RZY1) for 1 min, 72°C for 1 min and a final extension step at 72°C for 5 min.
For controls, DNA of Microsporum canis and Absidia corymbifera was used.
Resulting PCR products were ligated and transformed using the TOPO TA cloning kit
(Invitrogen, Carlsbad, California) following the instruction of the manufacturers. Plasmids
with the expected insert size were sequenced. Similarity searches to identify the resulting
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nucleotide sequences from bacteria and fungi were done with BLAST using the database
of NCBI (http://www.ncbi.nlm.nih.gov/BLAST/).

Results
Treatment of G. tanaceti females with antimicrobial drugs did not affect the presence of
anthraquinones and anthrones in the eggs. Application of methanolic KOH to squeezed egg
masses from treated females (20 egg masses collected from ten treated females) resulted in
a bathochromic shift typical for 1,8-dihydroxylated anthraquinones like chrysophanol and
chrysazin: the colour changed from yellow to red (Fig. 1) (Thomson 1976). GC-MS
analyses of all egg extracts obtained from eight G. tanaceti females treated with
tetracycline or itraconazol proved the presence of anthraquinones (chrysophanol,
chrysazin) and anthrones (dithranol, chrysarobin).

A

B

C

D

Figure 1. A. Egg mass of the tansy leaf beetle G. tanaceti on dried plant material in the field.
B. Egg clutch of which the dark, melanised extrachorion has been removed. Single yellow eggs
are visible. C. Freshly squeezed egg of G. tanaceti, where the adults were treated with
antimicrobials, on filter paper. D. The same squeezed egg after treatment with 5% methanolic
KOH solution showing a bathochromic shift from bright yellow to red.
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Screening for bacterial rDNA in anthraquinone-containing eggs of G. tanaceti revealed a
fragment of the expected size (approx. 1.5 kb) when using the primer pair TPU1/ RTU8.
The ligation and transformation step resulted in clones containing the respective 1.5 kb
fragment in all 4 samples (preparation 1: 88 clones, preparation 2: 65 clones, preparation 3:
88 clones, preparation 4: 86 clones). PCR products obtained with M13 primers from every
single clone were blotted on nylon membranes and hybridised both with the Wolbachia
specific probe and the eubacterial probe. In preparation 1 and 2 from G. tanaceti, all clones
hybridised with the Wolbachia specific probe. After application of the eubacterial probe
mixture, no further signal was detected. In the third preparation, 3 out of 88 clones
revealed a positive hybridisation signal with the common Eub_338 probe mix (Fig. 2b).
These were negative with the Wolbachia specific probe (Fig. 2a). Sequences of the three
clones showed a very high similarity with Acinetobacter spec. (100%). In preparation 4
from G. tanaceti eggs, 2 out of 86 clones hybridised only with the eubacterial probe
mixture. The sequenced fragment showed high similarity with the sequence of
Propionibacterium acnes (98%) (Tab. 1).

A

B

1 2 3
Figure 2. Plotting membrane with spotted bacterial rDNA products obtained from eggs of
G. tanaceti (untreated) after the cloning procedure. Each spot contained a clone (N = 88) with a
specific 1.5 kb DNA fragment. Positive hybridisation signals are shown for A. the Wolbachiaspecific 16S rDNA probe and B. the eubacterial probe (EUB_338 probe mix). Controls are: 1 =
E. coli DNA, 2 + 3 = Ehrlichia spec. DNA. Red circles indicate clones hybridising only with
the eubacterial probe.

The screening procedures for bacterial rDNA in anthraquinone-containing eggs of
X. luteola (positive control) and the anthraquinone-free eggs of A. alni (negative control)
also revealed the presence of a 1.5 kb fragment when using the primer pair TPU1/ RTU8.
The hybridisation procedure showed that only bacterial DNA from Wolbachia was present
in A. alni. From 76 clones blotted on the membrane, 36 clones hybridised with the
Wolbachia specific sample. Additional 40 clones could be detected after hybridisation with
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the general bacterial probe. But sequence analyses of three clones revealed again only
DNA from Wolbachia. Thus, not all clones containing a Wolbachia fragment hybridised
with the Wolbachia specific probe. In contrast, all 81 clones obtained from bacterial rDNA
of X. luteola eggs did not hybridise with the Wolbachia specific but with the eubacterial
probe. Three of them were chosen for sequencing, and all showed a very high similarity
(99%) with the sequence of the anaerobic lactic acid bacterium Carnobacterium piscicola.
It was considered a contamination. Since all three clones contained DNA of this bacterial
species, no further sequencing was conducted.
Screening for fungal rDNA in egg preparations of G. tanaceti, A. alni and X. luteola
revealed DNA only of contaminants. Using the primers UF1/ S3 specific for
Basidiomycetes and Ascomycetes, only in two out of six preparations from G. tanaceti
fungal rDNA was detected. One sample contained DNA originated of the dermatophyte
species Microsporum canis (95%) and the other the environmental black yeast
Cladosporium cladosporioides (99%). In one out of three DNA preparations from A. alni
and X. luteola eggs, Microsporum canis was detected (99% each), too. All other
preparations were negative for fungal rDNA (Tab. 1).

Discussion
Our results indicate that anthraquinones and anthrones in the tansy leaf beetle (Galerucini)
are not produced by endosymbionts, but by the beetle itself. Two arguments support this
conclusion. Firstly, given that polyketide producing endosymbionts are vertically
transferred from one generation to the next via the egg stage, bacteria and/ or fungi should
be present in the eggs. However, no microbial DNA was found that may be responsible for
anthraquinone biosynthesis in G. tanaceti eggs. Secondly, given that endosymbionts
present in the beetles produce the anthraquinones, treatment of beetles with antimicrobials
should block the biosynthesis of these defensive components. Despite treatment of
G. tanaceti with these drugs, however, anthraquinones were detected in the eggs. In several
other insects, treatment with antibiotics was shown to result in aposymbiotic individuals
(Stouthamer et al. 1990; Dobson and Rattanadechakul 2001; Grenier et al. 2002). In the
staphylinid beetle Paederus, antibiotic treatment killed the endosymbionts producing the
polyketide pederin and resulted in pederin-free individuals (Kellner 1999, 2001, 2002).
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Table 1. Overview of bacterial and fungal DNA found in eggs of Galeruca tanaceti,
Xanthogaleruca luteola and Agelastica alni. + present in egg sample, -- not present.
a
Similarity search with BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) using the database of
NCBI.
Eggs of

Galeruca tanaceti
Galerucini

Xanthogaleruca luteola
Galerucini

Agelastica alni
Sermylini

Anthraquinones and
anthrones

+

+

--

Bacterial DNA
Number of samples

4

1

1

DNA (1.5 kb
fragment)

+

+

+

+

--

+

+

+

--

Acinetobacter spec.
(100%)
Propionibacterium acnes
(98%)
(each bacterium in 1 of 4
samples)

Carnobacterium piscicola
(99%)

--

Hybridisation with:
(1) Wolbachia-spec.
probe
(2) General bacteria
probe
(reaction additional
to Wolbachia probe)
Sequence
(% identity)a

(in 1 of 1 sample)

Fungal DNA
Number of samples

6

3

3

Zygomycetes primer

--

--

--

Basidiomycetes and
Ascomycetes primers

+

+

+

Sequence
(% identity)a

Microsporum canis (95%)

M. canis (99%)

M. canis (99%)

Cladosporium cladosporioides
(99%)
(each fungus in 1 of 6 samples)

(in 1 of 3 samples)

(in 1 of 3 samples)

When screening for bacterial rDNA in galerucine eggs, Wolbachia pipientis were found in
anthraquinone-containing eggs of G. tanaceti, as was expected from previous preliminary
studies (Pankewitz, unpublished data). In contrast, eggs of X. luteola that also contain
anthraquinones did not harbour these bacteria. Furthermore, Wolbachia were detected in
anthraquinone-free eggs of A. alni. Thus, Wolbachia cannot be considered a candidate
endosymbiont to produce anthraquinones.
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In addition to Wolbachia, Acinetobacter bacteria were detected in one out of four
G. tanaceti preparations analysed and Propionibacterium acnes in another one. Both
bacteria were considered as contamination for the following reasons: (a) they are not
present in all preparations, (b) P. acnes is part of the flora of the human skin, and (c)
Acinetobacter species are common soil bacteria found also in the abdomen of the
chrysomelid species, Diabrotica balteata that does not contain anthraquinones (Peterson
and Schalk 1994; Blum and Hilker 2002).
DNA preparation of anthraquinone containing X. luteola eggs revealed the presence of the
anaerobic lactic acid bacterium Carnobacterium piscicola, which is normally living on
putrefactive meat and fish (Stiles and Holzapfel 1997). In insects, this bacterium has only
been found in Hofmannophila pseudospretella inhabiting the anaerobic midgut of this
keratinophagous butterfly (Shannon et al. 2001). The lactic acid bacterium produces an
antimicrobial peptide with low molecular weight, a so called bacteriocin (Jack et al. 1996),
but nothing is known on the ability to produce polyketides. Thus, a contamination of the
eggs by this organism is very likely, too.
No fungal candidates for the anthraquinone production were detected. In some egg
preparations of all three beetle species the dermatophyte Microsporum canis was present, a
keratinophilic pathogen of mammalian skin inclusive of humans (Gräser et al. 2000). One
preparation of G. tanaceti contained DNA of Cladosporium cladosporioides, a common
soil fungus and in the other preparations of G. tanaceti, no fungal rDNA was amplified.
Given the habitats of the fungi detected and their sporadic occurrence in egg preparations,
we consider them contaminations.
In conclusion, no evidence was found that anthraquinones and anthrones in Galerucini are
produced by endosymbiotic microorganisms vertically transferred via the eggs. The
hypothesis that anthraquinones and anthrones are produced by the beetle itself is supported
by a very recent study showing that the folding mode of the polyketide chain leading to
chrysophanol shows eukaryotic character in G. tanaceti (Bringmann et al. 2006).
Therefore, fungi or the beetles themselves remain the only eukaryotic source of
anthraquinone production. Since the fungal DNA found in G. tanaceti eggs is considered a
contaminant rather than being of endosymbiotic origin, this recent chemical study strongly
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supports the data presented here indicating that the beetle’s genome is equipped with genes
encoding enzymes capable of anthraquinone biosynthesis.

Acknowledgement
Funding for this work was provided by the Deutsche Forschungsgemeinschaft, Gr 1467/61, 2 to Yvonne Gräser and Hi 416/16-1, 2 to Monika Hilker.

References
Avery, ML, Humphrey, JS, Decker, DG (1997). Feeding deterrence of anthraquinone, anthracene, and
anthrone to rice-eating birds. J. Wildlife Manage. 61:1359-1365.
Blum, MS, Hilker, M (2002). Chemical protection of insect eggs. In: Hilker, M, Meiners, T (eds),
Chemoecology of Insect Eggs and Egg Deposition. Blackwell Publishing, Oxford, pp 61-90.
Bringmann, G, Noll, TF, Gulder, TAM, Grüne, M, Dreyer, M, Wilde, C, Pankewitz, F, Hilker, M, Payne,
GD, Jones, AL, Goodfellow, M, Fiedler, H-P (2006). Different polyketide folding modes converge to
an identical molecular architecture. Nat. Chem. Biol. 2:429-433.
Buchner, P (1965). Endosymbionts of animals with plant microorganisms. John Wiley, New York.
Cudlin, J, Blumauerova, M, Steinerova, N, Mateju, J, Zalabak, V (1976). Biological activity of
hydroxyanthraquinones and their glucosides towards microorganisms. Folia Microbiol. 21:54-57.
Dillon, RJ, Dillon, VM (2004). The gut bacteria of insects: Nonpathogenic interactions. Annu. Rev. Entomol.
49:71-92.
Dillon, RJ, Vennard, CT, Charnley, AK (2002). A note: Gut bacteria produce components of a locust
cohesion pheromone. J. Appl. Microbiol. 92:759-763.
Dillon, RJ, Vennard, CT, Buckling, A, Charnley, AK (2005). Diversity of locust bacteria protects against
pathogen invasion. Ecol. Lett. 8:1291-1298.
Dobson, SL, Rattanadechakul, W (2001). A novel technique for removing Wolbachia infections from Aedes
albopictus (Diptera: Culicidae). J. Med. Entomol. 38:844-849.
Douglas, AE, Darby, AC, Birkle, LM, Walters, KFA (2002). The ecological significance of symbiotic microorganisms in animals - perspectives from the microbiota of aphids. In: Hails, RM, Beringer, J,
Godfray, HC (eds), Genes in the Environment. Blackwell Publishing, Oxford. pp 306-325.
Eisner, T, Nowicki, S, Goetz, M, Meinwald, J (1980). Red cochineal dye (carminic acid): Its role in nature.
Science 208:1039-1042.

-30-

Anthraquinones in Eggs of Galerucini: Biosynthesis by the Beetles?

Gebhardt, K, Schimana, J, Müller, J, Fiedler, H-P, Kallenborn, HG, Holzenkämpfer, M, Krastel, P, Zeeck, A,
Vater, J, Höltzel, A, Schmid, DG, Rheinheimer, J, Dettner, K (2002). Screening for biologically active
metabolites with endosymbiotic bacilli isolated from arthropods. FEMS Microbiol. Lett. 217:199-295.
Gräser, Y, Kuijpers, AF, El Fari, M, Presber, W, de Hoog, GS (2000). Molecular and conventional taxonomy
of the Microsporum canis complex. Med. Mycol. 38:143-153.
Grenier, S, Gomes, SM, Pintureau, B, Lasslbiere, F, Bolland, P (2002). Use of tetracycline in larval diet to
study the effect of Wolbachia on host fecundity and clarify taxonomic status of Trichogramma species
in cured bisexual lines. J. Invertebr. Pathol. 80:13-21.
Han, Y-S, Van der Heijden, R, Verpoorte, R (2001). Biosynthesis of anthraquinones in cell cultures of the
Rubiaceae. Plant Cell Tiss. Org. 67:201-220.
Hilker, M, Schulz, S (1991). Anthraquinones in different developmental stages of Galeruca tanaceti
(Coleoptera; Chrysomelidae). J. Chem. Ecol. 17:2323-2332.
Hilker, M, Köpf, A (1995). Evaluation of the palatability of chrysomelid larvae containing anthraquinones to
birds. Oecologia 100:421-429.
Hilker, M, Eschbach, U, Dettner, K (1992). Occurrence of anthraquinones in eggs and larvae of several
Galerucinae (Coleoptera: Chrysomelidae). Naturwissenschaften 79:271-274.
Howard, DF, Phillips, DW, Jones, TH, Blum, MS (1982). Anthraquinones and anthrones: Occurrence and
defensive function in a chrysomelid beetle. Naturwissenschaften 69:91-92.
Izhaki, I (2002). Emodin - a secondary metabolite with multiple ecological functions in higher plants. New
Phytol. 155:205-217.
Jack, RW, Wan, J, Gordon, J, Harmark, K, Davidson, BE, Hillier, AJ, Wettenhall, REH, Hickey, MW,
Coventry, MJ (1996). Characterization of the chemical and antimicrobial properties of piscicolin 126,
a bacteriocin produced by Carnobacterium piscicola JG126. Appl. Environ. Microb. 62:2897-2903.
Kappe, R, Okeke, CN, Fauser, C, Maiwald, M, Sonntag, HG (1998). Molecular probes for the detection of
pathogenic fungi in the presence of human tissue. J. Med. Microbiol. 47:881-820.
Kayser, H (1985). Pigments. In: Kerkut, GA, Gilbert, LI (eds), Comprehensive Insect Physiology,
Biochemistry, and Pharmacology. Vol. 10. Pergamon Press, Oxford, pp 367-415.
Kellner, RLL (1999). What is the basis of pederin polymorphism in Paederus riparius rove beetles? The
endosymbiotic hypothesis. Entomol. Exp. Appl. 93:41-49.
Kellner, RLL (2001). Suppression of pederin biosynthesis through antibiotic elimination of endosymbionts in
Paederus sabaeus. J. Insect Physiol. 47:575-483.
Kellner, RLL (2002). The role of microorganisms for eggs and progeny. In: Hilker, M, Meiners, T (eds),
Chemoecology of Insect Eggs and Egg Deposition. Blackwell Publishing, Oxford, pp 149-167.
Manojlovic, NT, Solujic, S, Sukdolak, S, Krstic, LJ (2000). Isolation and antimicrobial activity of
anthraquinones from some species of the lichen genus Xanthoria. J. Serb. Chem. Soc. 65:555-560.
Moran, NA, Telang, A (1998). Bacteriocyte-associated symbionts of insects: A variety of insect groups
harbor ancient prokaryotic endosymbionts. BioScience 48:295-304.
Peterson, JK, Schalk, JM (1994). Internal bacteria in the Chrysomelidae. In: Jolivet, PH, Cox, ML,
Petitpierre, E (eds), Novel Aspects of the Biology of Chrysomelidae. Kluwer Academic Publishers,
Dordrecht, pp 393-405.

-31-

Anthraquinones in Eggs of Galerucini: Biosynthesis by the Beetles?

Pankewitz, F, Hilker, M (2006). Defensive components in insect eggs: Are anthraquinones produced during
egg development?. J. Chem. Ecol. 32:2067–2072.
Piel, J (2002). A polyketide synthase-peptide synthetase gene cluster from an uncultured bacterial symbiont
of Paederus beetles. Proc. Natl. Acad. Sci. U.S.A. 99:14002-14007.
Piel, J, Butzke, D, Fusetani, N, Hui, D, Platzer, M, Wen, G, Matsunaga, S (2005). Exploring the chemistry of
uncultivated bacterial symbionts: Antitumor polyketides of the pederin family. J. Nat. Prod. 68:472479.
Rawlings, BJ (1999). Biosynthesis of polyketides (other than actinomycete macrolides). Nat. Prod. Rep.
16:425-484.
Shannon, AL, Attwood, G, Hopcroft, DH, Christeller, JT (2001). Characterization of lactic acid bacteria in
the larval midgut of the keratinophagous lepidopteran, Hofmannophila pseudospretella. Lett. Appl.
Microbiol. 32:36-41.
Stiles, ME, Holzapfel, WH (1997). Lactic acid bacteria of foods and their current taxonomy. Int. J. Food
Microbiol. 36:1-29.
Stouthamer, R, Luck, RF, Hamilton, WD (1990). Antibiotics cause parthenogenetic Trichogramma
(Hymenoptera/Trichogrammatidae) to revert to sex. Proc. Natl. Acad. Sci. U.S.A. 87:2424-2427.
Teuscher, E, Lindequist, U (1994). Biogene Gifte. 2nd edn. Gustav Fischer Verlag, Stuttgart.
Thomson, RH (1976). Isolation and identification of quinones. In: Goodwin, TW (ed), Chemistry and
Biochemistry of Plant Pigments. Academic Press, London, pp 207-232.
Thomson, RH (1997). Naturally Occurring Quinones. IV. Recent Advances. Blackie Academic &
Professional, London.

-32-

