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Summary

Symbiotic associations between different organisms
are of great importance for evolutionary and ecologi-
cal processes [1-4]. Bacteria are particularly valuable
symbiotic partners owing to their huge diversity of bio-
chemical pathways that may open entirely new ecolog-
ical niches for higher organisms [1-3]. Here, we report
on a unique association between a new Streptomyces
species and a solitary hunting wasp, the European
beewolf (Philanthus triangulum, Hymenoptera, Cra-
bronidae). Beewolf females cultivate the Streptomy-
ces bacteria in specialized antennal glands and apply
them to the brood cell prior to oviposition. The bacteria
are taken up by the larva and occur on the walls of the
cocoon. Bioassays indicate that the streptomycetes
protect the cocoon from fungal infestation and signifi-
cantly enhance the survival probability of the larva,
possibly by producing antibiotics. Behavioral observa-
tions strongly suggest a vertical transmission of the
bacteria. Two congeneric beewolf species harbor
closely related streptomycetes in their antennae, indi-
cating that the association with protective bacteria is
widespread among philanthine wasps and might play
an important role in other insects as well. This is the
first report on the cultivation of bacteria in insect an-
tennae and the first case of a symbiosis involving bac-
teria of the important antibiotic-producing genus
Streptomyces.

Results and Discussion

The European beewolf (Philanthus triangulum, Hyme-
noptera, Crabronidae) is a solitary digger wasp that con-
structs nest burrows in sandy soil. Females hunt honey-
bees (Apis mellifera) [5] and provision one to five prey
items as larval food in each brood cell. The larva feeds
on the prey and spins a cocoon that is attached with
its basal part to the wall of the brood cell. Larvae mostly
overwinter and emerge next summer [6, 7]. Because the
conditions in the brood cells are humid and warm, there
is a continuous threat of fungal or bacterial infestation
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of the provisions or the immature wasp. To protect the
prey against microbes during the feeding period of the
larvae, the females embalm the paralyzed honeybees
with a cephalic-gland secretion (G.H. et al., unpublished
data). However, little was known about how the larva is
secured from microbial attack during the 9 month period
of diapause in the cocoon.

A promising candidate for such a protective function
is a whitish substance that the female secretes into
the brood cell in conspicuously large amounts prior to
oviposition. The female enters the excavated brood cell
and starts to move her body laterally, probably building
up a high hemolymph pressure in the antennae [5].The
white substance is thus pressed out of specialized an-
tennal glands and appears as white particles on the
antennae (Figure 1A; see Movie S1 in the Supplemental
Data available with this article online). The female
smears these particles on the ceiling of the brood cell.
One known function of this secretion is to provide an
orientational cue for the emergence of newly eclosed
beewolves [5]. However, the unusually large amounts
of white substance suggest a second function.

Scanning electron microscopy of newly secreted
white substance revealed regularly shaped rod-like and
branched structures with a diameter of about 0.5 pm
(Figure 1B). Through transmission electron microscopy,
these structures were found to be encapsulated in
biomembranes, and they sometimes contained circular
structures consisting of several layers of membranes.
We hypothesized that these structures were bacteria
and that those with multiple biomembranes were
spores. The overall appearance and the possible occur-
rence of spores suggested that these bacteria belong
to the actinomycetes.

To verify the identity of these bacteria, we used cul-
ture-independent molecular techniques. Isolation of DNA
from antennae of female beewolves and amplification
via polymerase chain reaction (PCR) with actinomycete-
specific primers [8, 9] confirmed the presence of actino-
mycete bacteria. We sequenced about 1300 bp of the
16S rDNA and compared it to known actinomycete se-
quences. A phylogenetic analysis showed that the bac-
teria from the beewolf antennae belong to the genus
Streptomyces (Figure 2). The new type is most closely
related to the S. armeniacus group (S. griseocarneum,
S. kasugaensis, S. lydicus, and S. albulus). Comparative
genetic analyses of the 16S rDNA sequences (700-1320
bp, including the most variable regions) of endosymbi-
onts from 11 P. triangulum individuals from four different
populations (three in Germany and one in the Ukraine)
revealed identical sequences, strongly suggesting that
the association between beewolves and Streptomyces
bacteria is obligate.

To exclude the possibility of bacterial contamination
in the PCR, we designed a specific oligonucleotide
probe that perfectly matched a variable region of the 16S
rRNA of the putative symbiotic bacteria, while having at
least two mismatches with all other Streptomyces 16S
rBRNA sequences in the Ribosomal Database Project
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Figure 1. Antennae of Female Beewolves, Philanthus triangulum,
with Endosymbiotic Streptomyces

(A) Light microscopic picture of a semithin section of a female an-
tenna, with endosymbiotic bacteria (red) in the reservoir of antennal
glands. The scale bar represents 0.3 mm.

(B) Scanning electron micrograph of a female antenna. White sub-
stance is secreted from the opening of the gland at the joint between
two flagellomers. The scale bar represents 20 pm.

(RDP II) [10]. The oligonucleotide probe was labeled with
a fluorescent dye (Cy3) and used for fluorescence in
situ hybridization (FISH). The probe clearly stained large

Arthrobacter globiformis M23411
Actinomyces neuii X71861

ﬂtopsis coloradensis AF051341
Mycobycterium avium X52918

Figure 3. Fluorescence In Situ Hybridization (FISH) of Endosymbio-
tic Streptomyces in the White Substance after Secretion by a Bee-
wolf Female

The scale bar represents 5 pm.

amounts of bacteria present in the white substance (Fig-
ure 3) as well as in the antennal glands of female bee-
wolves. Control strains of Streptomyces aureofaciens
or Bacillus subtilis were not stained by the probe, dem-
onstrating the specificity of the probe for the bacterial
sequences we obtained by PCR. These results confirm
the presence of specialized streptomycete bacteria in
the antennae of beewolf females and in the white sub-
stance secreted in the brood cells.

Streptomycetes are filamentous high GC Gram-posi-
tive soil bacteria belonging to the actinomycetes [11].
The whole group is characterized by the ability to syn-
thesize a huge diversity of antibacterial and antifungal
secondary metabolites [11, 12]. In fact, most of the anti-
biotics used for medical application are produced by
Streptomyces species [12, 13]. Despite this high poten-
tial for producing antibiotics, which would predestine

Figure 2. Phylogenetic Position of Beewolf
Endosymbionts within the Actinomycetes

First of three equally parsimonious trees from
a full heuristic search with TBR branch swap-
ping and random addition sequence (100 rep-

7| Frankia spec. L40612 licates). Analysis is based on 1324 bp of 16S
I: Streptomyces albidoflavus 276676 rDNA, with 219 characters being parsimony
66 Streptomyces coelicolor Y00411 informative. A. globiformis was defined as the
t . Val t th t
67 Streptomyces bikiniensis X79851 outgroup. Values a ° node§ represen
100 o bootstrap values from 1000 replicates. Gen-
Streptomyces virginiae D85118 Bank accession numbers are given behind
Streptomyces lincolnensis X79854 the species names. P. triangulum specimens
Streptomyces scabies D63862 were collected at three different locations:
. in Schweinfurt (Germany SW), in Wiirzburg
Streptomyces griseocarneum X99943 (Germany WU), and in the Ukraine.
Streptomyces kasugaensis AB024441
99— Streptomyces albulus AB024443
Streptomyces lydicus Y 15507
P. gibbosus endosymbiont AY854955
P. venustus endosymbiont AY854956
P. triangulum endosymbiont (Germany SW) AY854953
P. triangulum endosymbiont (Germany WU) AY854952
— 10 changes

P. triangulum endosymbiont (Ukraine) AY854954
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Figure 4. Transmission Electron Micrograph of a Cocoon Cross-
Section with Bacteria on the Outside (Arrows)

The scale bar represents 1 pm.

streptomycetes as symbionts of other organisms, this
is—to our knowledge —the first description of a mutual-
istic interaction between streptomycetes and animals,
and there are only a few known examples of symbioses
with actinomycetes. The best-studied animal-actinomy-
cete symbiosis is that of leaf-cutter ants and actinomy-
cete bacteria of the family Pseudonocardiaceae [14-17].
These ants tend fungus gardens in their nests for nutri-
tion, and they carry the bacteria on specific regions of
their cuticle [16]. The actinomycetes produce com-
pounds that specifically inhibit the growth of a special-
ized parasitic fungus of the fungus gardens [15, 16]. This
association is widespread among attine ants, and the
vertical mode of transmission points to a long coevolu-
tionary relationship between the symbionts [16].

Beewolves face a high risk of fungal and bacterial
infestation in the brood cell, especially during the first
days after cocoon spinning, because fungi develop on
the remains of the honeybee prey and may also infest the
cocoon (unpublished data). We hypothesized that—as in
the attine ants—the beewolf endosymbionts may func-
tion as producers of antibiotics and protect the larva
against pathogen attack. We examined cocoons for the
presence of the antennal bacteria with the FISH method
described above as well as transmission electron mi-
croscopy. The endosymbiotic streptomycetes were
present in large numbers on the walls of the cocoon
(Figure 4). In fresh cocoons (1-3 weeks old), bacterial
cells were conspicuously longer and covered the walls
of the cocoons in higher density than in 1-year-old co-
coons from which the progeny had already emerged.
We hypothesized that the short cells on old cocoons
were metabolically inactive spores. Thus, if the bacteria
protect the cocoons from bacterial or fungal infesta-
tions, old cocoons should be more susceptible than
fresh ones. Bioassays confirmed this hypothesis. Fungal
growth was significantly delayed on fresh cocoons as
compared to 1-year-old cocoons. This was true for the
part where the cocoon is attached to the brood cell (p =
0.0041) and even more pronounced for the rest of the
cocoon (p = 0.0013). Additionally, the development of
fungal conidia was significantly delayed or even com-
pletely inhibited (p = 0.0005) (Gehan-Wilcoxon tests).
The effects in fresh cocoons were independent of the
presence of a larva (Gehan-Wilcoxon test, p > 0.10 for
all comparisons).

Cumulative survival
o
»
L

0.4 A

0.2 1 ey

0.0

Days

Figure 5. Cumulative Survival of Larvae with (Solid Line) and without
(Dotted Line) White Substance in the Brood Cell

The experiment was terminated after 45 days.

In a second series of bioassays, we examined the
importance of the white substance for the actual survival
of larvae in the brood cells. Larvae had a dramatically
reduced survival probability when they had no access
to the white substance (Figure 5; Gehan-Wilcoxon test,
Z = 3.401, p = 0.00067). Only 1 out of 15 individuals
that had no access to the white substance survived
until emergence (6.7%), whereas 15 of the 18 control
individuals with white substance (83.3%) successfully
emerged or survived as larvae until the end of the experi-
ment (45 days). The experiment was terminated after
45 days because the most critical phase after cocoon
spinning was over, and the surviving larvae had either
emerged or entered diapause for overwintering. Taken
together, the results of the bioassays strongly support
the hypothesis that the Streptomyces bacteria pro-
tect the cocoon from fungus infestation and thereby
increase the survival probability of beewolf larvae.

An important question is how beewolf females acquire
the antennal bacteria. A priori, there are two alternatives:
Females might opportunistically take up the bacteria
from the environment, or they may inherit them from
their mother [18]. Observations of larvae searching for
and apparently ingesting parts of the white substance
in the brood cell before spinning the cocoon suggest
a vertical transmission of the bacteria from mother to
daughters (see Movie S2). Further evidence for vertical
transfer is provided by one beewolf female that survived
until adulthood in the absence of white substance. The
female failed to construct any brood cells during her
entire lifetime, and PCR-based attempts to detect endo-
symbionts in the antennae yielded no amplicons,
strongly suggesting that this female did not harbor endo-
symbiotic Streptomyces bacteria in her antennae.

The complexity of the association including the occur-
rence of unique glands, uptake of the bacteria by the
larva, application to the cocoon, and a probably vertical
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transmission make it unlikely that this association is
limited to P. triangulum. Therefore, we examined two
congeneric species for the presence of antennal symbi-
onts: P. venustus, from southern Europe, and P. gibbo-
sus, from North America. We found streptomycetes in
the antennae of both species, and comparative 16S
rDNA sequence analysis revealed that they are very
closely related to the endosymbionts of P. triangulum. In
fact, the endosymbionts of the three Philanthus species
form a monophyletic clade within the genus Streptomy-
ces (Figure 2). These results point to an early origin of
the beewolf-Streptomyces mutualism, possibly during
the formation of the genus Philanthus. Further studies
on the phylogenies of both hosts and symbionts are
necessary to illuminate the coevolutionary patterns and
to investigate whether horizontal transfer has occurred
during the evolutionary history of the symbiosis.
Soil-nesting hymenoptera and other ground-dwelling
arthropods generally face a high risk of bacterial and
fungal infestation of the provisions and the progeny from
the surrounding soil. Therefore, one would expect high
selection pressures to act on the evolution of protective
mechanisms against pathogen attack. The cultivation
of antibiotic-producing bacteria in specialized organs
might represent a key invention to cope with the threat
of pathogen infestation. So far, this is the only study
providing evidence for a symbiosis between a ground-
nesting wasp and protective bacteria, but associations
of this kind may be much more widespread and might
have played a crucial role in the evolution of ground-
nesting behavior. Furthermore, assuming that the pro-
tection against microbes is mediated by chemicals, the
study of actinomycete-insect associations may provide
knowledge on novel antimicrobial compounds. Because
the antibiotics involved should not harm their eukaryotic
hosts, they might be of particular value for medical use.

Experimental Procedures

PCR and Sequencing

Bacterial DNA was extracted from whole beewolf antennae ac-
cording to a standard phenol-chloroform extraction protocol. The
following primer pairs were used for amplification of Streptomyces:
fD1 (forward) [19] and StrepF (reverse) [8] and Act-S20 (forward) [9]
and rP2 (reverse) [19]. PCR amplification was performed on Eppen-
dorf Mastercyclers in a total reaction volume of 25 pl containing 4
pl of template, 1x PCR buffer (10 mM Tris-HCI, 50 mM KCI, and
0.08% Nonidet P40), 2.5 mM MgCl,, 240 .M dNTPs, 20 pmol of
each primer, and 1 U of Taqg DNA polymerase (MBI Fermentas).
Cycle parameters were as follows: 3 min at 94°C, and then 32 cycles
of 94°C for 40 s, 65°C for 1 min, and 72°C for 1 min, and a final
extension time of 4 min at 72°C. For sequencing, we used the follow-
ing primers: fD1 (forward), Act-S20 (forward), Act-A19 (reverse) [9],
StrepF (reverse), and rP2 (reverse). Sequencing was carried out on
a Beckmann-Coulter CEQ 2000 XL sequencer.

Phylogenetic Analysis

Partial 16S rDNA sequences of the endosymbionts and representa-
tive actinomycete genera from the GenBank database (accession
numbers are given in Figure 2) were aligned in ClustalX 1.83 with
the default settings and imported into PAUP 4.0. Phylogenetic trees
were constructed on the basis of 1324 bp of 16S rDNA in a full
heuristic search with tree bisection and reconnection (TBR) branch
swapping and random addition sequence (100 replicates). Bootstrap
values were obtained from a search with 1000 replicates.

FISH

The following species-specific oligonucleotide probe was designed
for the endosymbiont by comparison with known sequences in the
RDP II: 5'-Cy3-CACCAACCATGCGATCGGTA-3’ (positions 176-196,
Streptomyces ambofaciens nomenclature [20]). The unspecific eu-
bacterial probe EUB 338 was used as a positive control [21]. Secre-
tions of the white substance from beewolf females were harvested
and spread onto six-field microscope slides. Fixation and hybridiza-
tion were carried out as described previously [22], with minor modifi-
cations: Hybridization buffer contained only 50 ng of the labeled
probe, and samples were incubated for 90 min at 45°C for hybridiza-
tion. For hybridization within the antennae, fresh female antennae
were cut into thin sections with a razor blade and glued onto micro-
scope slides. Fixation and pretreatment of the samples were done
according to the protocol of Sauer et al. [23]. Hybridization was
carried out as for the bacterial samples, but with 3 hr of incubation
with the labeled probe.

Fungal Infestation Bioassays with Beewolf Cocoons

Paper towels were placed in eight petri dishes and moistened with
3 ml distilled water. Three cocoons were placed in each petri dish:
an empty 1-year-old cocoon, a fresh cocoon with larva (1-3 weeks
old), and a fresh cocoon from which the larva had been removed.
Petri dishes were kept in a closed box at room temperature to keep
moisture approximately constant. Fungal growth was recorded daily
under a Wild Heerbrugg M3B dissecting scope with 40X magnifica-
tion. Usually, fungi started to grow at the basal part of the cocoon
where it had been attached to the brood cell. Therefore, fungal
growth was recorded separately for the attachment site and the
rest of the cocoon. The time until first appearance of fungi, the time
until fungi completely covered the attachment site or the whole
cocoon, and the time until conidia formation were compared among
groups with survival analyses (Gehan-Wilcoxon tests; software: Bias
8.05).

Survival of Larvae with and without White Substance

Newly provisioned brood cells in the nesting cages of seven females
were assigned randomly to two different groups: with (control group)
and without (experimental group) white substance. In cells of the
experimental group, the glass covering the brood cells in the obser-
vation cages was lifted, and a microscope cover slip was introduced
between the brood cell and the glass cover. Thus, the white sub-
stance that is applied to the ceiling of the brood cell was covered,
and the larva had no access to the white substance. In control cells,
the glass cover was also lifted, but no cover slip was introduced,
so the white substance was freely accessible to the larva. Survival
of the larvae was checked daily for all brood cells and compared
between groups with survival analysis (Gehan-Wilcoxon test; soft-
ware: Bias 8.05). Larvae that survived until the end of the experiment
(45 days) and individuals that emerged successfully from the cocoon
were included as censored data.

Supplemental Data
Two supplemental movies are available at http://www.current-biology.
com/cgi/content/full/15/5/475/DC1/.

Acknowledgments

We thank Michael Steinert and Silke Killinger of the Institute for
Molecular Infection Biology of the University of Wirzburg for help
and introduction to the FISH technique. We would like to thank Roy
Gross for helpful suggestions and discussions and Norbert WeiBel
for comments on the manuscript. We thank Jon Seger for providing
us with P. gibbosus specimens, Johannes Kroiss for collecting P.
venustus in Greece, Thomas Eltz for sending P. triangulum from
Dusseldorf, Silke Fregin for collecting P. triangulum in Schweinfurt,
and Protsenko Yura for sending P. triangulum specimens from the
Ukraine.

Received: October 22, 2004
Revised: December 14, 2004
Accepted: December 15, 2004
Published: March 8, 2005



Bacteria Protect Wasp Larvae from Fungal Infestation

479

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Buchner, P. (1921). Tier und Pflanze in intrazellularer Symbiose
(Berlin: Verlag Gebriider Borntraeger).

Margulis, L., and Fester, R. (1991). Symbiosis as a Source of
Evolutionary Innovation: Speciation and Morphogenesis (Cam-
bridge: MIT Press).

. Sapp, J. (1994). Evolution by Association: A History of Symbiosis

(New York: Oxford University Press).

. Smith, J.M. (1989). Generating novelty by symbiosis. Nature

341, 284-285.

. Strohm, E., and Linsenmair, K.E. (1995). Leaving the cradle:

How beewolves (Philanthus triangulum F.) obtain the necessary
spatial information for emergence. Zoology 98, 137-146.

. Strohm, E., and Linsenmair, K.E. (1999). Measurement of paren-

tal investment and sex allocation in the European beewolf Phi-
lanthus triangulum F. (Hymenoptera: Sphecidae). Behav. Ecol.
Sociobiol. 47, 76-88.

. Strohm, E. (1995). Allokation elterlicher Investitionen beim Euro-

paischen Bienenwolf Philanthus triangulum Fabricius (Hyme-
noptera: Sphecidae) (Berlin: Verlag Dr. Koster).

. Rintala, H., Nevalainen, A., Ronka, E., and Suutari, M. (2001).

PCR primers targeting the 16S rRNA gene for the specific detec-
tion of streptomycetes. Mol. Cell. Probes 15, 337-347.

. Stach, J.E.M., Maldonado, L.A., Ward, A.C., Goodfellow, M.,

and Bull, A.T. (2003). New primers for the class Actinobacteria:
Application to marine and terrestrial environments. Environ. Mi-
crobiol. 5, 828-841.

Maidak, B.L., Cole, J.R., Lilourn, T.G., Parker, C.T., Saxman,
P.R., Farris, R.J., Garrity, G.M., Olsen, G.J., Schmidt, T.M., and
Tiedje, J.M. (2001). The RDP-II (Ribosomal Database Project).
Nucleic Acids Res. 29, 173-174.

Kutzner, H.J. (1981). The family Streptomycetaceae. In The Pro-
karyotes, Volume 2, M.P. Starr, H. Stolp, H.G. Triiper, A. Balows,
and H.G. Schlegel, eds. (Berlin: Springer Verlag), pp. 2028-2090.
Behal, V. (2000). Bioactive products from Streptomyces. In Ad-
vances in Applied Microbiology, Volume 47, S. Neidleman, A.
Laskin, J. Bennett, and G. Gadd, eds. (New York: Academic
Press), pp. 113-156.

Goodfellow, M., and Cross, T. (1984). The Biology of Actinomy-
cetes (London: Academic Press).

Currie, C.R. (2001). A community of ants, fungi, and bacteria: A
multilateral approach to studying symbiosis. Annu. Rev. Micro-
biol. 55, 357-380.

Currie, C.R., Bot, A.N.M., and Boomsma, J.J. (2003). Experimen-
tal evidence of a tripartite mutualism: Bacteria protect ant fun-
gus gardens from specialized parasites. Oikos 707, 91-102.
Currie, C.R., Scott, J.A., Summerbell, R.C., and Malloch, D.
(1999). Fungus-growing ants use antibiotic-producing bacteria
to control garden parasites. Nature 398, 701-704.

Poulsen, M., Bot, A.N.M., Currie, C.R., Nielsen, M.G., and Boom-
sma, J.J. (2003). Within-colony transmission and the cost of a
mutualistic bacterium in the leaf-cutting ant Acromyrmex octo-
spinosus. Funct. Ecol. 17, 260-269.

Moran, N.A., and Baumann, P. (2000). Bacterial endosymbionts
in animals. Curr. Opin. Microbiol. 3, 270-275.

Weisburg, W.G., Barns, S.M., Pelletier, D.A., and Lane, D.J.
(1991). 16s ribosomal DNA amplification for phylogenetic study.
J. Bacteriol. 173, 697-7083.

Pernodet, J.L., Boccard, F., Alegre, M.T., Gagnat, J., and Gueri-
neau, M. (1989). Organization and nucleotide sequence analysis
of a ribosomal RNA gene cluster from Streptomyces ambofa-
ciens. Gene 79, 33-46.

Amann, R.l., Binder, B.J., Olson, R.J., Chisholm, S.W., Devereux,
R., and Stahl, D.A. (1990). Combination of 16s ribosomal RNA
targeted oligonucleotide probes with flow-cytometry for analyz-
ing mixed microbial populations. Appl. Environ. Microbiol. 56,
1919-1925.

Grimm, D., Merkert, H., Ludwig, W., Schleifer, K.H., Hacker, J.,
and Brand, B.C. (1998). Specific detection of Legionella pneu-
mophila: Construction of a new 16s rRNA-targeted oligonucleo-
tide probe. Appl. Environ. Microbiol. 64, 2686-2690.

Sauer, C., Dudaczek, D., Holldobler, B., and Gross, R. (2002).
Tissue localization of the endosymbiotic bacterium “Candidatus

Blochmannia floridanus” in adults and larvae of the carpenter
ant Camponotus floridanus. Appl. Environ. Microbiol. 68, 4187-
4193.

Accession Numbers

Partial 16S rDNA sequences from Streptomyces endosymbionts of
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with the accession numbers AY854952-AY854956.



