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Abstract

Symbiotic bacteria often play an essential nutritional role for insects, thereby allowing

them to exploit novel food sources and expand into otherwise inaccessible ecological

niches. Although many insects are inhabited by complex microbial communities, most

studies on insect mutualists so far have focused on single endosymbionts and their

interactions with the host. Here, we provide a comprehensive characterization of the

gut microbiota of the red firebug (Pyrrhocoris apterus, Hemiptera, Pyrrhocoridae),

a model organism for physiological and endocrinological research. A combination of

several culture-independent techniques (454 pyrosequencing, quantitative PCR and

cloning/sequencing) revealed a diverse community of likely transient bacterial taxa in

the mid-gut regions M1, M2 and M4. However, the completely anoxic M3 region har-

boured a distinct microbiota consisting of facultative and obligate anaerobes including

Actinobacteria (Coriobacterium glomerans and Gordonibacter sp.), Firmicutes (Clostri-
dium sp. and Lactococcus lactis) and Proteobacteria (Klebsiella sp. and a previously

undescribed Rickettsiales bacterium). Characterization of the M3 microbiota in differ-

ent life stages of P. apterus indicated that the symbiotic bacterial community is verti-

cally transmitted and becomes well defined between the second and third nymphal

instar, which coincides with the initiation of feeding. Comparing the mid-gut M3

microbial communities of P. apterus individuals from five different populations and

after feeding on three different diets revealed that the community composition is qual-

itatively and quantitatively very stable, with the six predominant taxa being consis-

tently abundant. Our findings suggest that the firebug mid-gut microbiota constitutes a

functionally important and possibly coevolved symbiotic community.
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Introduction

Symbiotic interactions with microorganisms play an

important role for a broad range of plants and animals

(Buchner 1965; Smith 1989; Moran et al. 2008; Moya

et al. 2008). Insects harbour a particularly large diversity

of symbiotic microorganisms (Buchner 1965; Moran

et al. 2008), and in many cases, the microbial cells out-

number the host’s own cells (Dillon & Dillon 2004).

Microbial symbionts have been shown to assist their

insect hosts in various functions such as nutritional

upgrading of the diet (Douglas 1998; Akman et al.

2002), detoxifying the ingested food material (Dowd

1989; Genta et al. 2006), providing defence against para-

sites or pathogens (Currie et al. 1999, 2003; Oliver et al.

2003, 2009; Kaltenpoth et al. 2005; Kaltenpoth 2009;

Kroiss et al. 2010), mediating thermal tolerance to the
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host (Dunbar et al. 2007) and facilitating the exploitation

of novel host plants (Tsuchida et al. 2011). These

associations with bacteria can be vital for insects to

invade otherwise inaccessible ecological niches

(Feldhaar 2011).

Most studies on insect-symbiont interactions so far

have focused on individual obligate endosymbionts that

are typically harboured in specialized organs, so-called

bacteriomes. However, many insects are inhabited by a

complex microbial community (Lysenko 1985; Dillon &

Dillon 2004), but functional analyses of complete

communities are scarce. This is mainly due to problems

in discriminating the ‘core’ indigenous microbial

community from more transient microbes that were

taken up with the food material as well as the difficulty

to specifically manipulate the often very complex

communities.

Until recently, detailed culture-independent surveys

on insect-associated microbial communities could only

be achieved using polymerase chain reaction (PCR)

amplification, cloning, and sequencing of the 16S ribo-

somal RNA gene, which is time-consuming and costly

(Wintzingerode et al. 1997; Konstantinidis & Tiedje

2005). However, recent advances in high-throughput

next-generation sequencing technologies such as 454

pyrosequencing and Illumina sequencing provide more

cost- and labour-efficient alternatives to comprehen-

sively characterize complex microbial communities of

environmental samples including insects (Metzker 2010;

Sun et al. 2011).

The Heteroptera, also known as true bugs, comprise

around 38 000 species worldwide, representing one of

the most diverse hemimetabolous insect taxa (Schaefer

1993; Schuh & Slater 1995; Henry 1997). The infraorder

Pentatomomorpha comprising over 12 500 insect spe-

cies (‘stinkbugs’) are predominantly phytophagous spe-

cies that exploit resources from roots to seeds of their

host plants, with the exception of several predacious

and mycophagous groups (Schaefer 1993; Schuh & Sla-

ter 1995; Henry 1997). It forms a monophyletic clade

within the Heteroptera, consisting of the five superfami-

lies Lygaeoidea, Coreoidea, Pyrrhocoroidea, Pentato-

moidea and Aradoidea (Schuh & Slater 1995). Most of

the pentatomomorphan bugs have a specific symbiotic

interaction with bacteria harboured in sacs or tubular

outgrowths, called crypts or caeca, in a posterior region

of the mid-gut (Glasgow 1914; Miyamoto 1961; Buchner

1965; Fukatsu & Hosokawa 2002; Prado & Almeida

2009; Hosokawa et al. 2010a; Kikuchi et al. 2011a). Most

of these gut symbionts are vertically transmitted by

posthatching transmission mechanisms such as egg sur-

face contamination, coprophagy or the formation and

deposition of special symbiont-containing capsules by

the mother (Schorr 1957; Abe et al. 1995; Hosokawa

et al. 2005; Prado et al. 2006; Kikuchi et al. 2009). In

some cases, experimental elimination of the symbiotic

bacteria has resulted in high mortality and reduced

growth, indicating that the symbionts of these bugs

play an important role for the fitness of the host insect

(Müller 1956; Huber-Schneider 1957; Schorr 1957; Abe

et al. 1995; Fukatsu & Hosokawa 2002; Kikuchi et al.

2009; Tada et al. 2011).

The Pyrrhocoridae are a family of around 300 species

of terrestrial bugs, most of which feed on seeds of

plants of the order Malvales. Among them, the red fire-

bug (Pyrrhocoris apterus) is one of the most common and

widespread Palaearctic species, which has been exten-

sively studied in the fields of ecological, biochemical,

physiological and endocrinological research (Socha

1993). Before reaching adulthood, P. apterus passes

through five nymphal instar stages. The development of

the initial four instar stages takes approximately

14 days, and they remain between 7 and 10 days in the

final instar stage (Socha 1993). Earlier observations sug-

gest that the bugs do not start to feed until they have

reached the second instar (Puchkov 1974).

Pyrrhocoris apterus predominantly utilizes dry ripe

seeds of linden trees (Tilia cordata and T. platyphyllos)

as a food source. However, during limited access to

linden seeds, P. apterus has been shown to easily

adapt to seeds of other Malvales (Kristenová et al.

2011) as well as host plants from different families

(Socha 1993; Tischler 1959). Additionally, firebugs are

opportunistic scavengers feeding occasionally on dead

insects, and they even attack and consume freshly mo-

ulted conspecifics (Henrici 1938; Southwood & Leston

1959).

The digestion of food material in pyrrhocorids takes

between three and four days (Silva & Terra 1994). Pre-

vious studies in Dysdercus peruvianus and P. apterus

have shown that the ingested food particles are

retained in the M1 region for only about 5 h, whereas

the passage through M2 and M3 takes approximately

70–90 h before the ingested food quickly passes

through the M4 and the hindgut (Silva & Terra 1994;

Kodrı́k et al. 2012). Despite considerable interest the

digestive processes of P. apterus, little is known yet on

the symbiotic microbial community that inhabits the

different gut regions and its possible contribution to

the host’s digestion. However, previous studies

reported on a specific actinobacterial symbiont (Corio-

bacterium glomerans) that occupies the mid-gut section

M3 (Haas & König 1987, 1988). Coriobacterium glomerans

is vertically transmitted to the offspring through egg

smearing (Kaltenpoth et al. 2009) and appears to be

essential for successful development and reproduction

of the bugs (H. Salem, E. Kreutzer, S. Sudakaran & M.

Kaltenpoth, submitted).
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In the present study, we used a combination of several

culture-independent techniques (454 pyrosequencing,

cloning/sequencing, quantitative PCR and fluorescence

in situ hybridization (FISH)) to comprehensively

characterize the microbial community that inhabits

different regions of the mid-gut of P. apterus. Further-

more, we analysed changes in the microbial community

in the course of the bugs’ development and examined its

compositional stability across different populations and

upon different diets. The results allow us to draw

conclusions on the intimacy of the host–symbiont

association and to speculate on a possible coevolutionary

history of P. apterus and its symbiotic mid-gut

microbiota.

Materials and methods

Rearing conditions and sample collection

For the characterization of the microbial community

composition across different gut regions and life stages,

a laboratory culture of P. apterus was established with

individuals collected in Jena, Germany. The bugs were

reared in plastic containers (20 9 13 9 12 cm) at a con-

stant temperature of 28 °C under long light conditions

(16:8 h light/dark cycles) to keep the insects reproduc-

tively active (Saunders 1983, 1987). Insects were

supplied with linden seeds (Tilia cordata and T. platy-

phyllos) and water ad libitum. The linden seeds, water

and the soil provided in the rearing cages were auto-

claved to minimize exposure to environmental

microbes.

For the survey of the microbiota in the different gut

regions of P. apterus, six adult individuals derived

from the Jena population were killed by freezing at

�20 °C for 1 h. Prior to dissection, the animals were

immersed in 0.1% sodium dodecyl sulphate (SDS) and

then rinsed with sterile de-ionized water in order to

remove surface contaminants. The abdomen of the bug

was incised on both sides to remove the dorsal cuticle,

the gut was collected under sterile de-ionized water,

and the different gut regions were separated and

placed into individual Eppendorf tubes for DNA

extraction.

To analyse changes in the microbial community

during the development of P. apterus, a cohort of fire-

bugs from six egg clutches from different females was

established, and six replicates per life stage were

collected and surface-sterilized as described above. For

the early life stages (egg to 4th instar nymphs), several

individuals were pooled for replicate DNA extractions,

respectively (eggs: six individuals, 1st instar: three

individuals, 2nd instar: three individuals, 3rd instar:

two individuals and 4th instar: two individuals), to

ensure sufficient DNA extraction yields. In all

cases, complete animals were used to extract genomic

DNA.

To assess variation in the microbial community

composition across different geographical locations,

P. apterus specimens were collected from five different

populations in Central Europe: Jena (n = 6), Berlin

(n = 8), Regensburg (n = 8), Würzburg (n = 8) (all in

Germany) and Maria Saal (n = 5) (Austria). The M3

sections of the adults’ mid-guts were obtained as

described previously, and DNA was extracted

individually.

To assess the effect of different diets on the mid-gut

microbiota composition, P. apterus individuals derived

from the Jena population were reared from egg to the

adult stage exclusively on one of three different diets:

(i) linden seeds (T. cordata and T. platyphyllos), which

represent their natural diet in the field; (ii) sunflower

seeds (Helianthus annuus), or (iii) a carnivorous diet con-

sisting of larvae of the European beewolf (Philanthus tri-

angulum, Hymenoptera, Crabronidae), which had been

killed by freezing at �20 °C for 1 h. For all three diet

treatments, fresh food as well as sterile water was pro-

vided twice a week ad libitum. The DNA was extracted

individually from the mid-gut M3 region of five speci-

mens for each diet.

Individual extracts of P. apterus from each life stage,

population and diet experiment were used for qPCR

analyses, and one pooled DNA sample, respectively,

from all bugs of each gut region, life stage, population,

and diet experiment was used for bacterial tag-encoded

454 FLX amplicon pyrosequencing (bTEFAP) of 16S

rRNA amplicons. To analyse the transient microbial

community that firebugs may take up from the diet, lin-

den seeds (T. cordata and T. platyphyllos) were collected

from the field (Beutenberg Campus, Jena, Germany)

and subjected to bTEFAP.

DNA extraction and amplification

Prior to DNA extraction, all samples were submerged

in liquid nitrogen and crushed with sterile pestles.

DNA was extracted using the MasterPureTM DNA Puri-

fication Kit (Epicentre Technologies) according to the

manufacturer’s instructions. An additional lysozyme

incubation step (30 min at 37 °C; 4 lL of 100 mg/mL

lysozyme, Sigma-Aldrich, USA) was included prior to

proteinase K digestion to break up gram-positive bacte-

rial cells. The successful extraction of the gut microbial

DNA from P. apterus was verified using PCR assays

with general eubacterial 16S rRNA primers (fD1 and

rP2) (Weisburg et al. 1991) (Table 1). Subsequently, the

extracted DNA was used for 454 pyrosequencing and

qPCR assays.
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Bacterial tag-encoded FLX amplicon pyroseqencing
(bTEFAP) and data analysis

BTEFAP was performed by an external service provider

(Research & Testing Laboratories, Lubbock, TX, USA)

using the 16S rRNA primers Gray28F and Gray519R

(Table 1) (Ishak et al. 2011; Sun et al. 2011) with primers

numbered according to their position in Escherichia coli

16S rDNA. Generation of the sequencing library was

established through one-step PCR with 30 cycles, using

a mixture of Hot Start and HotStar high-fidelity Taq

polymerases (Qiagen). Sequencing extended from

Gray28F, using a Roche 454 FLX instrument with Tita-

nium reagents and procedures at Research and Testing

Laboratory (RTL), based upon RTL protocols (http://

www.researchandtesting.com). All low-quality reads

(quality cut-off = 25) and sequences < 200 bp were

removed following sequencing, which left between 7000

and 15 000 sequences per sample for subsequent

analysis.

Processing of the high-quality reads was performed

using QIIME (Caporaso et al. 2010b). The sequences

were clustered into operational taxonomic units

(OTUs) using multiple OTU picking with cdhit (Li &

Godzik 2006) and uclust (Edgar 2010) with 97%

similarity cut-offs. For the analysis, the samples were

grouped into four data sets namely gut regions, life

stages, populations, and diets to ensure that OTUs

were clustered consistently across samples by the

OTU-picking method. For each OTU, one representa-

tive sequence was extracted (the most abundant) and

aligned to the Greengenes core set (available from

http://greengenes.lbl.gov/) using PyNast (Caporaso

et al. 2010a), with the minimum sequence identity

percent set to 75. Taxonomy was assigned using RDP

classifier (Wang et al. 2007), with a minimum confi-

dence to record assignment set to 0.80. OTU tables were

generated describing the occurrence of bacterial phylo-

types within each sample (Tables S1–S4, Supporting

information). The tables were then manually curated by

removing low-frequency reads (<0.5% in all samples)

and by blasting the representative sequences against the

NCBI and RDP databases. Based on the blast results,

Table 1 Primers and probes used for the characterization (PCR, cloning/sequencing), quantification (qPCR) and localization (FISH)

of bacterial taxa in the mid-gut of Pyrrhocoris apterus. All primers target the bacterial 16S rRNA gene. Use: (1) general amplification

of gut bacteria, (2) cloning/sequencing, (3) 454 sequencing, (4) qPCR and (5) FISH

Primer Primer sequence (5′–3′)

Fwd./

Rev.

5′

mod Target Use Reference

FD1 AGAGTTTGATCCTGGCTCAG Fwd. Eubacteria 1 Weisburg et al. (1991)

RP2 ACGGCTACCTTGTTACGACTT Rev. Eubacteria 1 Weisburg et al. (1991)

M13F CAGGAAACAGCTATGAC Fwd. Eubacteria 2 Boutin-Ganache et al. (2001)

M13R GTAAAACGACGGCCAG Rev. Eubacteria 2 Boutin-Ganache et al. (2001)

Gray28F GAGTTTGATCNTGGCTCAG Fwd. Eubacteria 3 Ishak et al. (2011)

Gray519R GTNTTACNGCGGCKGCTG Rev. Eubacteria 3 Ishak et al. (2011)

Corio_DSM20642_91F TGACCAACCTGCCCTGCGCT Fwd. Coriobacterium 4 This study

Corio_300rev CCCGTAGGAGTCTGGGCCG Rev. Coriobacterium 4 This study

Egg_1079fwd CACTGCTGCCTCCCGTAGGAGT Fwd. Gordonibacter 4 This study

Egg_1253Rev CATACCTCACCTGGGGTGTGTGG Rev. Gordonibacter 4 This study

Clostridium_1050-fwd CTCGTGTCGTGAGATGTTGG Fwd. Clostridium 4 This study

Clostridium_1248-rev GCTCCTTTGCTTCCCTTTGT Rev. Clostridium 4 This study

Proteobac_16s_fwd GTGGCAAACGGGTGAGTAAT Fwd. Unknown

Rickettsiales

4 This study

Proteobac_16s_Rev GAAGTCTGGGCCGTATCTCA Rev. Unknown

Rickettsiales

4 This study

Lactococcus_975-fwd CGCTCGGGACCTACGTATTA Fwd. Lactococcus 4 This study

Lactococcus_1175-rev GCAGCAGTAGGGAATCTTCG Rev. Lactococcus 4 This study

Klebsiella_250-fwd CAGCCACACTGGAACTGAGA Fwd. Klebsiella 4 This study

Klebsiella_453-rev GTTAGCCGGTGCTTCTTCTG Rev. Klebsiella 4 This study

EUB338-Cy5 GCTGCCTCCCGTAGGAGT Rev. Cy5 Eubacteria 5 Amann et al. (1990)

Cor653-Cy3 CCCTCCCMTACCGGACCC Rev. Cy3 Coriobacterium 5 Kaltenpoth et al. (2009)

Egg583-Cy3 GAGGCTTCGCTTAGGCAACC Rev. Cy3 Gordonibacter 5 This study

Proteo-Cy3 ATTACTCACCCGTTTGCCAC Rev. Cy3 Unknown

Rickettsiales

5 This study

Clost -Cy3 TACCAACTCCCATGGTGTGA Rev. Cy3 Clostridium 5 This study

Lact_Cy3 GCTCCCTACATCTAGCAC Rev. Cy3 Lactococcus 5 Ercolini et al. (2003)

Kleb_Cy3 TCTCAGTTCCAGTGTGGCTG Rev. Cy3 Klebsiella 5 This study
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OTUs with the same genus-level assignments were

combined for visualization of the results. The revised

OTU table was used to construct heatmaps using the

MultiExperiment Viewer (MEV) software (Saeed et al.

2003).

PCR amplification, cloning, and sequencing

To compare the microbial community composition as

revealed by bTEFAP to the more conventional cloning/

sequencing procedure, a pooled mid-gut M3 DNA sam-

ple from six P. apterus individuals of the Jena popula-

tion was used for PCR amplification using general

eubacterial 16S rRNA primers (fD1 and rP2, see

Table 1). PCR amplification was carried out using a

UnoCycler (VWR International GmbH, Belgium) in a

total reaction volume of 12.5 lL containing 1 lL of tem-

plate DNA, 19PCR buffer (20 mM Tris-HCl, 16 mM

(NH4)2SO4 and 0.01% Tween 20), 2.5 mM MgCl2, 240 lM
dNTPs, 0.8 lM of each primer and 0.5 U of Taq DNA

polymerase (VWR International GmbH, Belgium). Cycle

parameters were as follows: 3 min at 94 °C, followed

by 35 cycles of 94 °C for 40 s, 68 °C for 40 s and 72 °C
for 40 s, and a final extension step of 4 min at 72 °C.
PCR products were cloned using the StrataClone PCR

Cloning Kit (Agilent Technologies, USA) according to

the manufacturer’s instructions. Transformed E. coli

cells were grown on LB agar containing 10 mg/mL

ampicillin and appended with 2% 5-bromo-4-chloro-

indolyl-b-D-galactopyranoside (X-gal) (Sigma-Aldrich,

Germany) for blue/white screening. Colony PCR was

performed on randomly selected transformants with

vector primers M13F and M13R (Table 1) using the

above-mentioned reaction mix and cycling conditions

except that an annealing temperature of 55 °C was

used. PCR products were checked for the expected size

on a 1.5% agarose gel (130 V, 30 min) and purified

using the peqGOLD MicroSpin Cycle Pure Kit (Peqlab

Biotechnologies GmbH, Germany) prior to sequencing.

In total, 179 clones were sequenced bidirectionally on

an ABI 3730xl capillary DNA sequencer (Applied

Biosystems, USA) using the M13 primers (Boutin-

Ganache et al. 2001).

Molecular phylogenetic analysis

Nearly full-length 16S rRNA sequences (1.4 kb, obtained

from cloning/sequencing) of the six consistently detected

microbial taxa in the P. apterus M3 mid-gut region were

aligned to reference sequences obtained from the Ribo-

somal Database Project (RDP) using the ClustalW algo-

rithm implemented in MEGA5 (Thompson et al. 1994;

Tamura et al. 2011). Phylogenetic trees were computed

using maximum likelihood (Tamura-Nei model, G + I

rate variation) with 500 bootstrap replicates in MEGA5

(Tamura et al. 2011).

Quantitative PCR

Specific primers for quantitative PCR (qPCR) were

designed using Primer3 (http://primer3.sourceforge.

net/) for the six most consistently found and abundant

bacterial taxa in the M3 region of the mid-gut (Coriobac-

terium glomerans, Gordonibacter sp., Clostridium sp.,

unknown Rickettsiales sp., Lactococcus lactis and Klebsiel-

la sp.) based on an alignment of the representative set of

sequence data for all OTUs available from the cloning/

sequencing and 454 pyrosequencing. PCR conditions for

each primer pair were optimized using gradient PCRs

with a pooled P. apterus gut sample (Jena) as a template

(Table 1). The specificity of the primers was verified in

silico against the RDP database (Maidak et al. 2001) and

in vitro by sequencing the optimized PCR product

directly without prior cloning. If the sequence matched

the expected OTU, the primer pair was assumed to spe-

cifically amplify the target OTU within the P. apterus

gut. Additionally, specificity was monitored via qPCRs

by including a melting curve step at the end to ensure

that amplicons were the same across samples for each

primer assay.

Quantitative PCRs for individual bacterial symbionts

were performed on a RotorgeneQ cycler (Qiagen,

Germany) in final reaction volumes of 25 lL containing

1 lL of template DNA (usually a 1:10 dilution of the

original DNA extract), 2.5 lL of each primer (10 lM)
and 12.5 lL of SYBR Green Mix (Rotor-Gene SYBR

Green kit, Qiagen). Standard curves were established

using 10�8–10�2 ng of specific PCR product as tem-

plates for the qPCR. A NanoDropTM1000 spectropho-

tometer (Peqlab Biotechnology Limited, Germany) was

used to measure DNA concentrations for the templates

of the standard curve. Six different replicates of the

standard concentrations for each bacterial taxon were

used to calculate a correction factor to alleviate any

errors of the template standard curve (e.g. inaccuracies

of the DNA concentration measurements). PCR condi-

tions were as follows: 95 °C for 5 min, followed by 35

cycles of 60 °C for 30 s, 72 °C for 20 s and 95 °C for

15 s; then a melting curve analysis was performed by

increasing the temperature from 60 °C to 95 °C within

20 min. Based on the standard curves, the 16S copy

number could be calculated for each individual bug

from the qPCR threshold values (Ct) by the absolute

quantification method (Lee et al. 2006, 2008), taking the

dilution factor and the absolute volume of DNA extract

into account. The absolute 16S copy numbers were log-

contrast-transformed (Aitchison 1986) and then sub-

jected to discriminant analysis (SPSS 17.0) to test for
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quantitative differences in the microbial community

composition across different populations or diets.

Fluorescence in situ hybridization (FISH)

To localize the dominant symbionts of P. apterus, FISH

was performed using sections of the M3 portion of the

mid-gut. The M3 was fixed in 70% ethanol, dehydrated

in acetone and then embedded in cold polymerizing

resin (Technovit 8100, Germany) according to the manu-

facturer’s instructions. Sections of 4 lm thickness were

prepared with a diamond knife on a Microm HM 355 S

microtome (Thermo Scientific, Germany). FISH on the

embedded M3 mid-gut tissue sections was carried out

using the specific probes Cor653, Egg583, Proteo, Clost,

Lact and Kleb (all Cy3 probes), in combination with the

general eubacterial probe EUB338-Cy5 (Amann et al.

1990) and DAPI (Table 1). Some of the probes were the

same as one of the primers used for diagnostic qPCR

(unknown Rickettsiales sp. and Klebsiella sp.); the others

were designed based on the sequencing data available

from the 454 pyrosequencing and cloning/sequencing

(Gordonibacter sp. and Clostridium sp.). Sequences of

probes for Coriobacterium sp. and L. lactis were derived

from the literature (Ercolini et al. 2003; Kaltenpoth et al.

2009). The specificity of all probes was tested using cul-

tures of other bacterial taxa (E. coli, Bacillus subtilis and

Pseudomonas fluorescens) on eight-field microscope slides

as negative controls and a mid-gut (M3) suspension from

an adult P. apterus as a positive control. Hybridization

with probes was achieved as described (Kaltenpoth et al.

2009, 2012), and localization of bacterial taxa was

recorded using an Axioimager Z1 fluorescence micro-

scope (Carl Zeiss, Germany).

Microelectrode measurements

Freshly extracted guts of adult P. apterus individuals

were placed on top of a 2-mm layer of 1.5% agarose in a

micro-chamber and covered with 2 mm of 0.5% agarose

(Brune et al. 1995). The microelectrode was positioned

using a manual micromanipulator (Unisense, Denmark).

The current was measured with a picoammeter (model

1201, Diamond-General, Ann Arbor, MI, USA) connected

to a strip chart recorder. An oxygen microelectrode

(Unisense, Denmark) with a tip diameter of 20–30 lm
was calibrated before each experiment using water satu-

rated with air (21% O2) or 100% N2 (0% O2), respectively.

This set-up was used to radially measure oxygen concen-

trations of six replicates in the M3 region of the mid-gut

using a step increment of 50 lm. A pH microelectrode

(Unisense, Denmark) with a tip diameter of 20–30 lm
was calibrated with standard buffers at pH 4.0, 7.0, and

10.0 before each experiment. The pH was recorded in

three replicates in the mid-section of different gut regions

(M1, M2, M3 and M4). All measurements were per-

formed at ambient temperature (22 ± 1 °C).

Results

Bacterial communities in different gut regions of
P. apterus

The microbiota of different mid-gut regions (M1, M2, M3

and M4) of P. apterus were characterized using 454 py-

rosequencing (Fig. 1). After quality trimming, a total of

52 357 bacterial 16S rRNA sequences were obtained,

which were binned into a total of 78 OTUs after removing

singletons and OTUs below 0.5% abundance (Table S1,

Supporting information). The most dominant bacterial

taxa present in the M1 and M2 were Alphaproteobacteria

(Brevundimonas sp., Rhizobium sp., Caulobacter sp., and

Ensifer sp.) and Gammaproteobacteria (Pseudomonas sp.

and Hafnia sp.). The M3 portion exhibited a unique bacte-

rial community, which was dominated by Actinobacteria

(C. glomerans and Gordonibacter sp.), Alphaproteobacteria

(Rickettsiales sp.) and Firmicutes (Clostridium sp. and

Lactococcus lactis) (Figs. 1 and 2). The microbiota of M4

was highly diverse and consisted of all major taxa found

in the previous gut sections, that is, Alphaproteobacteria

(Brevundimonas sp. and Rhizobium sp.), Gammaproteobac-

teria (Pseudomonas sp.), Firmicutes (Clostridium sp. and

Lactococcus lactis) and Actinobacteria (C. glomerans and

Gordonibacter sp.). Although female P. apterus have gas-

tric caeca associated with the M4 region (Buchner 1965),

no symbiotic bacteria could be detected in these struc-

tures by direct microscopic observations or FISH using

general eubacterial probes (data not shown).

The major taxa in the M3 region were each repre-

sented by several closely related OTUs of different

abundances (Table S2, Supporting information). Based

on the available data, we cannot tell whether this

observed microdiversity reflects true biological diversity

or was caused by sequencing artefacts. However, for all

of the individual analyses (gut regions, developmental

stages, different populations and diets, respectively),

the variation in OTU abundances was consistent across

samples, with the same major OTU(s) representing the

dominant bacterial genera. Thus, we decided to limit

the further description of the results as well as the dis-

cussion to genus-level patterns, in order to facilitate an

understanding of our general findings. It should be

noted, however, that our conclusions based on genus-

level classifications are identical with those based on

OTU level analyses, and all OTU tables (including all

OTUs with abundances > 0.5% in at least one of the

samples) are available as supplementary tables (see

Tables S1–S4, Supporting information).
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The microbiota profile of complete adult bugs (both

males and females) was very similar to the one of the

isolated M3 mid-gut region (Fig. 3), indicating that the

bacterial community present in the M3 by far outnum-

bers all other microbes present in P. apterus. Hence, we

focused on the M3 region of the mid-gut to analyse in

more detail whether the bug-associated microbiota

changes across different life stages, populations and

diets.

The composition of the M3 microbiota obtained from

the cloning/sequencing analysis was qualitatively simi-

lar to the 454 pyrosequencing data with the dominant

phylotypes (C. glomerans, Gordonibacter sp., and Clostrid-

ium sp.) all being detected, but there were considerable

differences between both data sets in relative abundances

of microbial taxa (Fig. S1, Supporting information).

Phylogenetic placement of P. apterus mid-gut
symbionts

Based on near full-length 16S rRNA sequences obtained

from the cloning/sequencing approach, a maximum-

likelihood tree including representative sequences of

in- and outgroup taxa was reconstructed (Fig. 2). The

Coriobacterium sequence was closely related to the type

strain of C. glomerans that had been previously isolated

from the intestinal tract of P. apterus by Haas & König

(1987) and remains to date the only validly described

species in the genus. The other actinobacterial taxon

identified in the firebug gut (i.e. Gordonibacter sp.)

shows only about 92% similarity to the 16S rRNA gene

sequence of its closest relative Gordonibacter pamelaeae

(Würdemann et al. 2009) and 90–91% similarity to

species in the genus Eggerthella. Both C. glomerans and

Gordonibacter sp. (Fig. 2) belong to the family Coriobac-

teriaceae (Actinobacteria), a group of anaerobic bacteria

that is known to occur in the human intestine (Hold-

eman et al. 1976) and as opportunistic pathogens in

human oral infections (Poco et al. 1996; Nakazawa et al.

1999; Downes et al. 2001). But to our knowledge, these

bacterial taxa have not yet been reported from insects

outside the Pyrrhocoridae family.

Firmicutes that were detected in the firebug’s gut as

well as the gammaproteobacterial symbionts are closely

related to cultured strains (96% similarity to Clostridium

hathewayi, 100% to L. lactis and 100% to Klebsiella
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pneumoniae, respectively, Fig. 2). However, the alphapro-

teobacterial taxon is only distantly related to any other

known strain within the order Rickettsiales, with the

closest relatives being an uncharacterized symbiont of

the flea Oropsylla hirsuta (90% similarity, Jones et al. 2008)

and Holospora obtusa, an intracellular symbiont of Parame-

cium (79% similarity, Amann et al. 1991). In general, the

order Rickettsiales comprises mostly intracellular

bacteria such as Wolbachia and Rickettsia, which are com-

mon reproductive parasites and pathogens of insects as

well as other animals including humans (Rousset et al.

1992; Hilgenboecker et al. 2008; Kikuchi & Fukatsu 2003).

However, mutualistic interactions with Wolbachia and

Rickettsia are known to occur in nematodes, whiteflies,

and bed bugs (Taylor et al. 2005; Hosokawa et al. 2010b

Himler et al. 2011).

Ontogenetic changes of the P. apterus microbiota

Using qPCR and 16S rRNA data (90 899 16S rRNA

sequences obtained by 454 pyrosequencing, clustered

into 176 OTUs), we analysed the relative abundances of

bacterial taxa across the different developmental stages

of P. apterus to assess the symbionts’ population

Fig. 2 Phylogenetic position of symbiotic Coriobacterium glomerans, Gordonibacter sp, Unknown Rickettsiales, Clostridium sp., Lactococcus

sp. and Klebsiella sp. from the Pyrrhocoris apterus mid-gut M3 region. Maximum-likelihood tree constructed on the basis of 1.4 kbp of

16S rRNA gene sequences. Bootstrap values (in percent) were obtained from a search with 500 replicates. Strain and accession

numbers are given behind the species names. Type strains are indicated by superscript T.
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dynamics within the insect host. The most abundant

taxa Clostridium sp., C. glomerans, Gordonibacter sp., as

well as the next three most abundant bacterial taxa, that

is, the unknown Rickettsiales species, L. lactis and Kleb-

siella sp. were detected in or on P. apterus eggs, suggest-

ing that they are vertically transmitted from mother to

offspring (Fig. 3, Table S2, Supporting information).

Although the gut microbiota was present in low abun-

dances from the egg stage to the second instar, the

microbial community of P. apterus that characterizes

adult individuals was quantitatively established during

the 2nd or 3rd instar and remained largely unchanged

until P. apterus reached its adult stage (Fig. 3).

Interpopulation differences in the mid-gut microbiota
of P. apterus

After quality trimming, a total of 83 174 bacterial 16S

rRNA sequences and 103 OTUs were obtained from

pooled samples of five different populations in Central

(A)

(B)

(c)

Fig. 3 Bacterial community composition of Pyrrhocoris apterus during its different life stages. (A) Ontogenetic change of the six major

bacterial taxa across different life stages of P. apterus as revealed by qPCR using six replicates per life stage, with sigmoidal curve

fitting (five parameters). (B) Relative abundance of bacterial taxa across different life stages of P. apterus (90 899 sequences in total)

represented in a relative area graph of a pooled sample of six replicates per life stage. (C) Images of different life stages of P. apterus.

scale: 5 mm.
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Europe (Table S3, Supporting information). A quantita-

tive and qualitative comparison of the gut microbiota

revealed only minor differences across populations. The

most abundant taxa Clostridium sp., C. glomerans, Gordo-

nibacter sp. and the next three most abundant bacterial

taxa (i.e. unknown Rickettsiales sp., L. lactis and Klebsi-

ella sp.) were consistently present across all populations

(Fig. 4A, B). QPCR analysis showed that all six bacterial

taxa were present in similar abundances across all pop-

ulations (Fig. 4B). Discriminant analysis of the 16S log

copy numbers obtained from qPCRs showed slight, but

significant quantitative differences in the microbial com-

munities derived from Central European bug popula-

tions (Wilk’s k =0.337, v2 = 36.5, n = 45, P = 0.049)

(Fig. 4C).

Effect of different diets on the mid-gut microbiota of
P. apterus

The mid-gut microbiota of experimental P. apterus popu-

lations fed exclusively on one of three different diets

(linden seeds, sunflower seeds, and beewolf larvae,

respectively) were analysed by 454 pyrosequencing and

qPCR. The 454 pyrosequencing data (46 423 bacterial

16S rRNA sequences and 75 OTUs after quality trim-

ming) revealed that the microbiota of P. apterus reared

on the three different diets were similar, with Clostrid-

ium sp., C. glomerans and Gordonibacter sp. being abun-

dant in all three populations (Fig. 5A, Table S4,

Supporting information). However, bugs fed on linden

seeds and beewolves, respectively, showed unusually

high abundances of gammaproteobacteria in the M3

region. This was especially surprising in the linden seed

treatment, as Proteobacteria were much less common in

the other experimental bugs from the same population

and food source (see sections on the microbial commu-

nity of different gut regions and populations).

Although the Rickettsiales sp., Klebsiella sp., and

L. lactis were not detected in the 454 pyrosequencing

data set, they were consistently found by qPCR of the

same samples. The results of the qPCR analysis indi-

cated that the six most dominant bacterial taxa were

present in similar abundances across the different diet

treatments, thereby indicating that the community
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Fig. 4 Gut bacterial community composition of Pyrrhocoris apterus collected from five different geographical locations. (A) Relative

abundance of gut bacterial taxa from 454 pyrosequencing of 16S rRNA amplicons (83 174 reads in total), represented as a heat map

based on the log-transformed values, with warm colours indicating higher and cold colours lower abundance. (B) Infection rate and

abundance of the six most dominant bacterial taxa (Coriobacterium glomerans, Gordonibacter sp., unknown Rickettsiales, Clostridium sp.,

Lactococcus sp., and Klebsiella sp.) as revealed by diagnostic qPCR of multiple specimens for each population of P. apterus [Jena
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means; error bars denote standard errors. (C) Multivariate discriminant analysis of the microbial community of P. apterus from five

geographical localities based on the qPCR data from (B) (Wilk’s k = 0.337, v2 = 36.5, n = 45, P = 0.049).
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composition of these taxa was not affected by the diet

of the host (Fig. 5B). Discriminant analysis confirmed

that there was no significant difference in the relative

abundances of the six major bacterial taxa across diets

(Wilk’s k = 0.543, v2 = 7.029, n = 45, P = 0.134)

(Fig. 5C).

Transient microbes from ingested food material

The microbiota of the preferred food source of P. apterus

(linden seeds) was analysed by 454 pyrosequencing

(Table S5, Supporting information) to assess the possible

influence of transient microbes from the ingested food

material on the symbiotic gut microbial community.

After quality trimming, a total of 12 017 16S rRNA

sequences were obtained. Around 47% of the sequences

originated from chloroplasts; these sequences were

excluded from further analysis. Some of the most abun-

dant bacterial taxa identified were Gammaproteobacteria

(Pseudomonas sp., Stenotrophomonas sp.), Alphaproteobac-

teria (Sphingomonas sp., Methylobacterium sp.), and

Actinobacteria (Microbacterium sp., Rhodococcus sp.). Sev-

eral bacterial taxa that could be detected in linden seed

samples were also constituents of the microbiota of M1,

M2 and M4 mid-gut regions, notably Brevundimonas sp.,

Rhizobium sp., Pseudomonas sp. and Caulobacter sp. (Table

S5, Supporting information).

Interestingly, Wolbachia sp. was one of the bacterial

taxa identified in the P. apterus individuals reared on

beewolf larvae as the sole food source (Fig. 5A). As bee-

wolves are commonly infected with Wolbachia (Kalten-

poth 2006), it is likely that the sequences found in

P. apterus represent transient bacteria or DNA residues

acquired from the food source. Both the occurrence of

linden seed-associated bacteria in the mid-gut of bugs

feeding on these seeds and the discovery of Wolbachia

Linden seeds
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Fig. 5 Gut bacterial community composition of Pyrrhocoris apterus reared on three different diets. (A) Frequency of gut bacterial taxa

from 454 pyrosequencing data (46 423 sequences in total) represented as a heat map based on the log-transformed values, with warm
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(Wilk’s k = 0.543, v245 = 7.029, P = 0.134).

© 2012 Blackwell Publishing Ltd

6144 S . SUDAKARAN ET AL.



in beewolf-fed bugs highlight the possible confounding

effect of transient microbes on the apparent composition

of gut microbial communities. This effect should be

especially problematic in studies analysing microbial

gut communities based on low numbers of field-col-

lected samples that were exposed to diverse and

unknown microbial communities.

Localization of microbial symbionts

The numerically most dominant bacterial taxa found in

the M3 mid-gut portion of P. apterus (Clostridium sp.,

Gordonibacter sp., C. glomerans, unknown Rickettsiales sp.,

L. lactis, and Klebsiella sp.) were localized in gut sections

using FISH. Coriobacterium glomerans and Gordonibacter sp.

were present in the gut lumen and on the epithelial walls,

with C. glomerans being predominantly localized towards

the anterior end of the M3. The unknown Rickettsiales sp.,

Klebsiella sp., L. lactis, and Clostridium sp. were present in

the gut lumen, with L. lactis and Clostridium sp. being par-

ticularly prevalent in the anterior region of the M3 (Fig.

S2, Supporting information).

Microelectrode measurements

Radial oxygen measurements in the M3 region of the

P. apterus mid-gut indicated that the conditions were

completely anoxic throughout the M3 (Fig. S3, Support-

ing information). The pH measurement in the mid-gut

of P. apterus revealed slightly acidic conditions through-

out the mid-gut. The M3 region of the mid-gut had a

pH of 5.8, while the other regions of the mid-gut (M1,

M2 and M4) showed a pH of 5.4. The acidic pH condi-

tions in the mid-gut region are required for the effective

functioning of the digestive enzymes (Silva & Terra

1994; Kodrı́k et al. 2012).

Discussion

Composition of the P. apterus gut microbiota

In this study, we comprehensively characterized the mic-

robiota inhabiting the mid-gut of P. apterus using a com-

bination of different culture-independent techniques. The

M1 and M2 mid-gut regions showed similar microbial

profiles that were dominated by Alpha- and Gammapro-

teobacteria (Fig. 1). Many of the bacterial taxa were also

found in the microbiota of the bug’s food source (linden

seeds), suggesting that the bacterial taxa detected in the

M1 and M2 regions were taken up with the food. The

microbiota of the M4 mid-gut region shared bacterial

taxa with all preceding mid-gut regions (Fig. 1). The

presence of such a diverse bacterial community in M4 is

likely due to the passing of bacteria from the other gut

regions with the digested food material to the rectum for

excretion. However, the M3 region was characterized by

a distinct microbiota compared to the microbiota present

in the other mid-gut regions and the food source, and

predominantly harboured Coriobacterium glomerans,

Gordonibacter sp., Clostridium sp., as well as Lactococcus

lactis, an unknown Rickettsiales species and Klebsiella sp.

(Figs 1 and 2). Furthermore, the microbial profile of the

M3 mid-gut region resembled the microbiota of the

whole adult insect (male and female) (Fig. 3), indicating

that the symbionts residing in the M3 greatly outnumber

any other bacterial taxa occurring in other parts of the

bug. Interestingly, Dysdercus fasciatus, another species

within the Pyrrhocoridae, harbours a mid-gut M3 micro-

biota similar to P. apterus, with the most abundant bacte-

rial taxa being C. glomerans, Gordonibacter sp. and

Clostridium sp. (Kaltenpoth et al. 2009; H. Salem, E. Kreut-

zer, S. Sudakaran & M. Kaltenpoth, submitted).

By contrast, other pentatomomorphan bugs are asso-

ciated with proteobacterial symbionts that inhabit spe-

cialized structures such as gastric caeca or crypt regions

in the posterior region of the mid-gut (Glasgow 1914;

Buchner 1965; Kikuchi et al. 2011a). As in pyrrhocorid

bugs (H. Salem, E. Kreutzer, S. Sudakaran & M. Kalten-

poth, submitted), the symbionts are often essential for

successful growth and reproduction of the host (Müller

1956; Huber-Schneider 1957; Schorr 1957; Abe et al.

1995; Fukatsu & Hosokawa 2002; Kikuchi et al. 2009;

Tada et al. 2011). In the superfamily Pentatomoidea,

most of the species are associated with one of several

distinct lineages of c-Proteobacteria that are vertically

transmitted (Fukatsu & Hosokawa 2002; Prado et al.

2006; Kikuchi et al. 2009; Prado & Almeida 2009). Bugs

of the superfamily Coreoidea and several families of the

Lygaeoidea, on the other hand, harbour Burkolderia (b-
Proteobacteria) symbionts in the mid-gut crypts, and it

has been shown for some broad-headed bugs (Alydi-

dae) that these symbionts are acquired de novo from the

environment in every host generation (Kikuchi et al.

2011a). However, other families of Lygaeoidea have sec-

ondarily lost the crypt-inhabiting symbionts and

evolved bacteriomes housing a distinct clade of c-Prote-
obacteria (Kuechler et al. 2012; Matsuura et al. 2012).

In contrast, no such bacteriomes could be detected in

P. apterus, and the gastric caeca constitute small and lit-

tle developed invaginations that are present only in

females and appear to be devoid of any bacteria (Buch-

ner 1965; this study). Hence, our results show that the

symbiotic microbiota of Pyrrhocoridae bugs, namely

P. apterus and D. fasciatus, is markedly different from

bugs in other superfamilies within the infraorder

Pentamomorpha (Fukatsu & Hosokawa 2002; Prado &

Almeida 2009; Hosokawa et al. 2010a; Kikuchi et al. 2011a),

with regard to both the localization of the symbionts in
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the M3 region of the mid-gut and the composition, con-

sisting predominantly of Actinobacteria and Firmicutes

as well as c- and a-Proteobacteria. This indicates that

the microbiota represented in the mid-gut M3 region of

P. apterus could be specific to bugs in the superfamily

Pyrrhocoroidea, and the relationship between gut

microbes and pyrrhocorid bugs may represent an

ancient and possibly coevolved symbiotic community.

Transmission and establishment of the microbial mid-
gut community in P. apterus

To gain a better understanding of the transmission route

and establishment of the symbiotic community within

P. apterus, we characterized the microbiota in different

life stages of the bug. In many species of stinkbugs, the

hosts are highly dependent on their microbial partners,

and experimental removal of the symbionts has been

shown to result in retarded growth and/or high mortal-

ity (Müller 1956; Huber-Schneider 1957; Schorr 1957; Abe

et al. 1995; Fukatsu & Hosokawa 2002; Kikuchi et al.

2009; Tada et al. 2011). To ensure infection of their off-

spring with the symbiotic microbes, most of these bugs

evolved a vertical transmission route via egg smearing,

coprophagy or the deposition of symbiont-containing

capsules (Schorr 1957; Abe et al. 1995; Hosokawa et al.

2005; Prado et al. 2006; Kikuchi et al. 2009). In the case of

P. apterus, the presence of the six most dominant gut bac-

terial taxa already within the eggs or on the surface indi-

cates that they are likely transmitted vertically from

mother to offspring, which has been shown previously

for C. glomerans (Kaltenpoth et al. 2009).

A high diversity of bacterial taxa was detected in the

nymphs until the second instar, before the symbiotic

bacterial community became well defined between the

second and the third larval instar stage. This is in accor-

dance with direct observations of the feeding behaviour

in P. apterus nymphs, as the nymphs start feeding on

linden seeds only in the 2nd instar stage (Puchkov

1974). Similarly, successful establishment of the symbi-

ont in the second instar has been observed in the bean

bug (Riptortus pedestris) (Kikuchi et al. 2011b). Even

though in this case the symbiont is acquired horizon-

tally from the environment, acquisition and establish-

ment of the symbionts in later instars were much less

effective and could lead to fitness costs for the host

(Kikuchi et al. 2007, 2011b). As newborn nymphs

possess a high amount of yolk in their gut and can

develop into the second instar without feeding, nutri-

tional symbionts are probably not essential during this

developmental period (Leal et al. 1995; Kikuchi et al.

2011b). Although the symbionts are already present in

first instar P. apterus, they do not increase to significant

abundances until the larvae have reached second/third

instar. Thus, the microbial community only becomes

well-defined upon the initiation of feeding on the her-

bivorous diet, when the symbionts probably begin to

play an important role in supplementing limiting nutri-

ents to the bug (H. Salem, E. Kreutzer, S. Sudakaran &

M. Kaltenpoth, submitted).

Ecological stability of the P. apterus gut microbiota

The insect gut is constantly exposed to different diets and

to transient microbes that could significantly affect the

composition of the indigenous microbiota. This has been

evident in several systems, such as in mosquitos (Aedes

albopictus and A. aegypticus, Zouache et al. 2011) and

chestnut weevils (Curculio sikkimensis) (Toju & Fukatsu

2011), where the microbial communities vary with the

geographical location and other ecological parameters.

Similarly, in European corn-borer moths, the bacterial

community structure differed between laboratory-reared

and wild-type hosts (Belda et al. 2011). In cockroaches,

the supply with an artificial diet that was low in protein

and high in fibre content resulted in predictable altera-

tions in the microbial gut community and concomitant

changes in gut physiology, with a decline of streptococcal

and lactobacillus symbionts from the foregut, resulting in

a decrease in the production of lactate and acetate (Kane

& Breznak 1991). Similarly, the hindgut microbiota of

crickets changed significantly with the diet, which

resulted in a reduction of hydrogen and carbon dioxide

production (Santo Domingo et al. 1998).

Our results indicate that the gut microbiota of P. apte-

rus is both qualitatively and quantitatively remarkably

stable across different populations and diets. Although

there were some diet-associated changes in the bacterial

community, the six dominant microbial strains were

consistently abundant. This ecological stability of the

microbial community implies functional importance of

the dominant taxa, which is supported at least for the

actinobacterial symbionts by experimental manipulation

of the microbiota and subsequent fitness assays

(H. Salem, E. Kreutzer, S. Sudakaran & M. Kaltenpoth,

submitted). Over evolutionary timescales, functionally

relevant and vertically transmitted microbial symbionts

are expected to co-evolve with their host, resulting in a

congruence of microbial communities on higher taxo-

nomic levels. Such patterns with shared microbial core

communities across different species have recently been

suggested for ants (Anderson et al. 2012), honeybees

and bumblebees (Martinson et al. 2011), as well as ter-

mites and some closely related cockroaches (Schauer et al.

2012). Future studies on other Pyrrhocoridae species

will allow for an identification of long-term associated

microbial symbionts within this family of bugs and

reveal the evolutionary history of this association.
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Comparison of methods for the characterization of
microbial communities

Comparative analyses of the 454 pyrosequencing and

the qPCR data of different populations, diets, and life

stages of P. apterus showed differences in the relative

abundances of the dominant bacterial taxa in qPCR and

454 pyrosequencing, indicating that relative abundances

obtained by 454 amplicon sequencing alone have to be

considered with caution when analysing the composition

of unknown microbial communities (Amend et al. 2010;

Zhou et al. 2011). In addition, some of the dominant bac-

terial taxa that were consistently present in the M3

region of the mid-gut were not always detected by bTE-

FAP 454 pyrosequencing, although their presence in the

gut could be demonstrated by qPCR. Furthermore, the

analysis of the 454 pyrosequencing data revealed multi-

ple OTUs representing each of the most dominant bacte-

rial taxa. Even though this pattern was consistent across

different samples and may therefore reflect true biologi-

cal microdiversity within the gut of P. apterus, we cannot

exclude the possibility of sequencing artefacts and noise

causing an overestimation of bacterial OTUs (Gilles et al.

2011; Quince et al. 2011), so further analyses are neces-

sary to establish strain-level associations and symbiont

microdiversity within P. apterus. Thus, even though bTE-

FAP is an advanced high-throughput technique that

allows for rapid, cost-effective and detailed analyses of

complex microbial communities, it suffers from similar

flaws as the traditional cloning and sequencing approach

(PCR biases and other possible confounding factors, as

well as a higher rate of sequencing errors), and the

results therefore have to be considered with caution

(Amend et al. 2010; Zhou et al. 2011). The combination of

several molecular techniques (bTEFAP, cloning/

sequencing, diagnostic PCR) is advisable for an accurate

characterization of microbial communities.

Putative function of the P. apterus mid-gut microbiota

Symbiotic gut microbes can assist their host to subsist

on suboptimal diets by increasing its digestion effi-

ciency, detoxifying plant allelochemicals or by provid-

ing digestive enzymes or limiting nutrients (Douglas

1992). Plant material is often low in nitrogen, essential

amino acids, B vitamins, and sterols (Douglas 1998).

However, many herbivorous insects are associated with

symbiotic microbes that possess the metabolic abilities

to synthesize these compounds and thereby enable the

insects to exploit otherwise inaccessible food sources

(Jones 1984; Douglas 1992). In several insect taxa, for

example in crickets, termites and cockroaches, the gut

microbiota are involved in breaking down the ingested

polysaccharides, notably lignocellulose, the most abun-

dant biological polymer on earth, and fermenting the

resulting monosaccharide mixture into short-chain fatty

acids (Kaufman & Klug 1991; Brune & Friedrich 2000;

Nalepa et al. 2001; Bäckhed et al. 2005). In this mutualis-

tic relationship, the host gains carbon and energy, while

the microbes are provided with a rich source of glycan,

a protected anoxic environment, as well as a reliable

transmission into the next generation of host insects.

Pyrrhocorid bugs preferentially feed on seeds of

Malvales plants, which are generally avoided by other

phytophagus insects due to the detrimental effects of their

phytochemical defences such as gossypol and

cyclopropenoic fatty acids, which can interfere with the

digestion of food materials, cause retarded growth and lead

to sterility (Allen et al. 1967; Abou-Donia 1976; Kristenová

et al. 2011). Our comparative analysis of the different gut

regions and the microbiota of the ingested food material

suggest that specific symbiotic bacteria are restricted to the

M3 region, where the food particles also remain for the lon-

gest period of time (Silva & Terra 1994; Kodrı́k et al. 2012).

Previous studies have shown that the experimental

removal of the microbiota by sterilizing the egg surface had

a strong negative effect on the fitness of P. apterus, as the

aposymbionts showed an increased mortality as well as

delayed development in comparison with individuals with

the native microbiota (Kaltenpoth et al. 2009; H. Salem, E.

Kreutzer, S. Sudakaran &M. Kaltenpoth, submitted).

The mid-gut M3 of P. apterus is a completely anoxic

environment ideal for fermentation (Fig. S3, Supporting

information), and consequently, the resident bacterial

taxa are either facultative or obligate anaerobes. Thus,

the bacteria residing in the M3 region could play an

important role for the insect by degrading complex die-

tary components, providing nutrient supplementation,

or detoxifying noxious chemicals (e.g. cyclopropenoic

fatty acids or gossypol) in the diet. Targeted manipula-

tion experiments of the bacterial community in bugs

fed on different food sources indicated that the differ-

ences in growth rate and survival between

aposymbiotic and symbiotic individuals are likely due

to a nutritional contribution of the actinobacterial sym-

bionts rather than the detoxification of plant secondary

metabolites (H. Salem, E. Kreutzer, S. Sudakaran & M.

Kaltenpoth, submitted). Thus, the symbionts may

enable their insect hosts (Pyrrhocoridae) to exploit and

diversify in a specific ecological niche (Malvales plants)

that is inaccessible to many other insects.

As several members of the Pyrrhocoridae are pests of

economically important crops such as cotton (Gossypium

hirsutum) and okra (Abelmoschus esculentus), elucidating

the role of the gut microbiota of pyrrhocorid bugs could

provide valuable information to be used in biocontrol.

Furthermore, as the vast majority of eukaryote–bacteria

symbioses likely constitute complex multipartite rather

© 2012 Blackwell Publishing Ltd
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than one-host/one-symbiont interactions (Ferrari &

Vavre 2011), pyrrhocorid bugs represent one of the few

established and experimentally amenable systems so far

that can be used to address fundamental questions on

the functional roles and the interactions of multiple bac-

terial symbionts within an insect host.
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through NCBI SRA archive, accession number:

SRA055452. OTU tables describing the occurrence of

bacterial phylotypes within each sample of Pyrrhocoris

apterus are given in Table S1–S4, and the corresponding

table for linden seeds is given in Table S5 in the

Supporting information.

Supporting information

Additional Supporting Information may be found in the online

version of this article.

Fig. S1 Composition of the gut microbial community of Pyr-

rhocoris apterus as characterised by using PCR amplification

with general eubacterial primers followed by cloning and capil-

lary sequencing [based on 179 near full-length 16S rRNA gene

sequences (1.4 kbp)].

Fig. S2 Fluorescence in situ hybridization of complete mid-gut

M3 sections (left panel) and close-up views of bacterial cells

(right panel) after staining with specific probes (green) for

Coriobacterium glomerans (A, B) Gordonibacter sp. (C, D), Clostrid-

ium sp. (E, F), Rickettsiales sp., (G, H), Lactococcus lactis (I, J ),

and Klebsiella sp. (K, L) as well as the general eubacterial probe

EUB338 (red) and DAPI (blue). For the complete mid-gut pic-

tures (left panel), only the green channel was included in the

picture. Scale bars: left panel: 100 lm, right panel: 10 lm.

Fig. S3 Oxygen content in the mid-gut M3 region of Pyrrhocoris

apterus. (A) Radial oxygen measurement in the mid-gut M3

region of six different P. apterus individuals. The step incre-

ments were 50 lm. (B) Image of the microelectrode set-up used

for the oxygen measurement in the mid-gut M3 region.

Table S1 Relative abundance of bacterial OTUs (in percent) in

different gut regions of Pyrrhocoris apterus. The sequencing data

were generated from one pooled DNA sample of six indivi-

dual P. apterus specimens (3 males and 3 females) for the dif-

ferent gut regions regions (M1, M2, M3 and M4).

Table S2 Relative abundance of bacterial OTUs (in percent) in

different life stages of Pyrrhocoris apterus. Six replicates per life

stages were pooled into one sample for generating sequencing

data using bTEFAP 454 pyrosequencing.

Table S3 Relative abundance of bacterial OTUs (in percent) in

different populations of Pyrrhocoris apterus. Several replicates of

P. apterus from each population- Jena (n=6), Berlin (n=8), Regens-

burg (n=8), Würzburg (n=8) (all in Germany) and Maria Saal

(n=5) (Austria) were pooled to be used for 454 pyrosequencing.

Table S4 Relative abundance of bacterial OTUs (in percent) in

Pyrrhocoris apterus after feeding on three different diets. DNA

extracted from five individual P. apterus specimens for each

diet, respectively, was pooled for 454 pyrosequencing.

Table S5 Absolute and relative abundance of the bacterial

community of field-collected linden seeds as revealed by 454

pyrosequencing of 16S rRNA amplicons (12 017 reads). The

chloroplast sequences found are shown in sequences abun-

dance but were left out when the relative abundance was cal-

culated in order to obtain a clear profile of the bacterial

community in linden seeds. Bacterial taxa that were also

detected within one of the gut regions of P. apterus are high-

lighted in bold.

Please note: Wiley-Blackwell are not responsible for the content

or functionality of any supporting materials supplied by the

authors. Any queries (other than missing material) should be

directed to the corresponding author for the article.
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