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Summary

Actinobacteria engage in defensive symbioses
with several insect taxa, but reports of nutritional
contributions to their hosts have been exceptionally
rare. Cotton stainers (Dysdercus fasciatus) and
red firebugs (Pyrrhocoris apterus) (both Hemiptera,
Pyrrhocoridae) harbour the actinobacterial symbionts
Coriobacterium glomerans and Gordonibacter sp.
as well as Firmicutes (Clostridium sp. and Lactococ-
cus sp.) and Proteobacteria (Klebsiella sp. and a
Rickettsiales bacterium) in the M3 region of their mid-
gut. We combined experimental manipulation with
community-level analyses to elucidate the function
of the gut symbionts in both pyrrhocorid species.
Elimination of symbionts by egg-surface sterilization
resulted in significantly higher mortality and reduced
growth rates, indicating that the microbial community
plays an important role for host nutrition. Fitness
of symbiont-deprived bugs could be completely
restored by re-infection with the original microbiota,
while reciprocal cross-infections of microbial com-
munities across both pyrrhocorid species only par-
tially rescued fitness, demonstrating a high degree of
host–symbiont specificity. Community-level analyses
by quantitative PCRs targeting the dominant bacterial
strains allowed us to link the observed fitness effects
to the abundance of the two actinobacterial symbi-
onts. The nutritional mutualism with Actinobacteria
may have enabled pyrrhocorid bugs to exploit Malva-
les seeds as a food source and thereby possibly
allowed them to occupy and diversify in this ecologi-
cal niche.

Introduction

Insects, the most abundant animal class on earth, engage
in a remarkable diversity of symbiotic associations invol-
ving microbial partners (Buchner, 1965). Many of these
partnerships benefit the insect host by improvements
to the metabolism, physiology and catabolic capacity
through nutritional supplementation or the degradation
of complex dietary compounds (Douglas, 1998; 2009;
Moran, 2002). Additionally, an increasing number of
defensive associations are being described where the
symbionts protect their respective hosts and/or the host’s
food resources from parasites, pathogens or parasitoids
(Currie et al., 1999; Kellner, 2002; Oliver et al., 2003;
Kaltenpoth et al., 2005; Scarborough et al., 2005; Kroiss
et al., 2010).

Members of the bacterial phylum Actinobacteria are
especially prevalent as defensive symbionts due to their
ecological and physiological prerequisites, including the
ability to utilize a diverse range of nutritional resources
and a remarkable versatility in producing secondary
metabolites with antibiotic properties (Kaltenpoth, 2009).
In contrast, direct evidence for nutritional mutualisms
involving this bacterial group has been limited to vectors
of the Chagas disease (Rhodnius prolixus) and their
vitamin-supplementing Rhodococcus endosymbionts
(Durvasula et al., 2008). Nonetheless, an increasing
number of studies suggested Actinobacteria to be
involved in the nutrition of a range of invertebrates. In
scarab beetles of the genus Pachnoda, a number of
bacterial strains with hemicellulolytic capabilities were iso-
lated from the hindgut, including Promicromonospora
pachnodae, an actinobacterial species capable of produc-
ing a range of xylanases and endoglucanases – two
enzyme families involved in (hemi)cellulose degradation
(Cazemier et al., 1999; 2003; Andert et al., 2010). Addi-
tional studies have also demonstrated the occurrence of
Actinobacteria across different termite species. However,
evidence for their nutritional contributions alongside indi-
cations of species-specific associations remains to be
provided (Bignell et al., 1991; Shinzato et al., 2007). In
this study, we present evidence for a highly specific part-
nership involving members of the Pyrrhocoridae insect
family and two actinobacterial symbionts.

Within the Pyrrhocoridae, an oligophagous family of
bugs, the best known members are cotton stainers of the
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genus Dysdercus, which are serious pests of cotton, and
the red firebug (Pyrrhocoris apterus), an important model
organism for endocrinology and physiology of hemime-
tabolous insects (Socha, 1993). Cotton stainers exhibit a
cosmopolitan distribution mirroring that of the cotton cul-
tivars, with each continent having its own group of species
(Pearson, 1958; Ahmad and Schaefer, 1987). Dysdercus
species harm cotton crops through the indelible staining
of the cotton fibre resulting from the excrements of the
bug or the accidental processing of insect-bearing bolls,
as well as through the emanation of seed juices as a
result of puncturing and feeding. Additionally, feeding by
puncturing young cotton bolls usually results in the reduc-
tion of boll size (Pearson, 1958). Pyrrhocoris apterus also
specializes on seeds of the plant order Malvales, particu-
larly dry seeds of linden trees (Tilia cordata and T. platy-
phyllos) (Socha, 1993; Kristenova et al., 2011). However,
some studies also reported on the exploitation of seeds of
other plants groups within and – to a more limited extent
– also beyond this plant order, as well as on the occa-
sional feeding of firebugs on dead or weakened arthro-

pods (Kershaw and Kirkaldy, 1908; Ahmad and Schaefer,
1987; Kristenova et al., 2011).

Previous studies investigating the microbial community
of P. apterus revealed the presence of extracellular gut
symbionts (Coriobacterium glomerans) belonging to the
actinobacterial family Coriobacteriacae within the diges-
tive tract of the insects, particularly in the M3 section
(Haas and Konig, 1987; Kaltenpoth et al., 2009). Further
characterization of the whole microbiota of P. apterus
using bacterial 16S rRNA amplicon pyrosequencing
yielded an additional actinobacterial strain belonging to
the Coriobacteriacae family (Gordonibacter sp.) alongside
a range of other facultative and obligate anaerobes such
as Clostridium sp., an undescribed Rickettsiales bacte-
rium, Klebsiella sp. and Lactococcus sp. (Sudakaran
et al., 2012; Fig. 1). The consistency of the symbiotic
microbial community across geographical localities and
different food sources in P. apterus suggests that the
complex microbiota might have co-evolved with the hosts
over millions of years, and that they contribute signifi-
cantly to the fitness of the insect (Sudakaran et al., 2012).

Fig. 1. Quantitative PCR analyses of the six dominant microbial strains across the four experimental treatments for D. fasciatus. Symbiont
numbers represent estimated 16S rRNA gene copy numbers obtained from qPCR assays. Shading of boxes signifies the experimental
treatment. Lines represent medians, boxes comprise the 25–75 percentiles, and whiskers denote the range. Grey bands represent the range
of unspecific background amplification for the negative controls. Different letters above boxes indicate significant differences in copy numbers
(repeated-measures ANOVA, P < 0.05).
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Across different insect lineages, the mode of transmis-
sion of symbionts from one generation to another is highly
variable. The majority of insects harbouring intracellular
primary symbionts rely on transovarial transmission
modes where the infection originates inside of the female
hosts during the early stages of oogenesis or embryogen-
esis (Buchner, 1965; Schroder et al., 1996; Douglas,
1998; Sauer et al., 2002; Nardon, 2006). In Hemiptera,
however, post-hatch transmission is the most common
mechanism of transfer, with symbiont acquisition resulting
from ingestion of adult faecal droplets (Beard et al., 2002),
through probing of symbiont containing capsules depos-
ited close to the egg clutch (Fukatsu and Hosokawa,
2002; Hosokawa et al., 2005; 2006), or by egg-surface
contamination and subsequent probing and uptake of the
symbionts by the nymphs (larvae) during the early devel-
opmental stages (Prado et al., 2006). The latter route of
symbiont transfer has also been described for Pyrrhocori-
dae, and surface sterilization of the egg surface resulted
in symbiont-free individuals (Kaltenpoth et al., 2009).

In this study, by taking advantage of the transmission
mechanism of the symbionts, we experimentally tested
the significant contribution of the microbial community
towards the fitness of D. fasciatus and P. apterus. We
utilized a quantitative, community-level analysis aimed at
identifying strains that contribute directly to the overall
fitness of their host. Furthermore, we assessed the spe-
cificity of this partnership in the two pyrrhocorid species by
reciprocal exchange of symbionts.

Results

Midgut microbiota of D. fasciatus

The midgut microbiota of D. fasciatus was analysed using
454 pyrosequencing of bacterial 16S rRNA amplicons.
The sequencing data (10 026 sequences) revealed
Clostridium sp. and Lactococcus lactis (Firmicutes),
C. glomerans and Gordonibacter sp. (Actinobacteria), as
well as several Gammaproteobacteria as the major micro-
bial taxa in the gut of D. fasciatus (Fig. S1, Table S1).
While the two Actinobacteria and the two Firmicutes are
shared with P. apterus (Sudakaran et al., 2012), the Rick-
ettsiales bacterium and Klebsiella sp, which are present
in high frequencies in P. apterus, were not detected by
454 in D. fasciatus. Using diagnostic qPCR assays with
primer pairs designed based on the P. apterus symbiont
sequences, however, the two strains were consistently
found in similar abundances across both bug species,
indicating that the absence of these strains in the 454
dataset reflects a technical bias rather than true absence
from D. fasciatus. In the case of Klebsiella sp., the inher-
ently low taxonomic resolution of bTEFAP due to the short
read lengths may cause the differences in the classifica-
tion within Enterobacteriaceae between the P. apterus

and the D. fasciatus symbionts, especially because this
bacterial group contains many species (and even genera)
with 16S rRNA similarities of more than 97% (our OTU
clustering threshold similarity).

Success of symbiont manipulation procedure

Egg surface sterilization successfully eliminated C. glom-
erans in aposymbiotic treatments across both pyrrhocorid
species as confirmed by C. glomerans-specific diagnostic
PCRs (data not shown). In addition, the reinstitution of
the microbial community using mid-gut suspensions from
conspecific as well as heterospecific individuals con-
firmed that the nymphs readily accepted symbionts result-
ing from the experimental smearing of their egg surfaces.

Symbiont abundance estimates from quantitative PCR
analyses of corresponding treatments for the two pyrrhoc-
orid species (log-transformed) revealed that the core
microbial communities of adult P. apterus and D. fasciatus
were similarly influenced by prior surface sterilization of
the eggs. Consistently affected were C. glomerans and
Gordonibacter sp. abundances, with significant reduc-
tions in symbiont population sizes in the aposymbiotic
treatments (ANOVA, P < 0.05) (Figs 1 and 2). For both
symbionts across the two host species, qPCR amplifica-
tion in the aposymbiotic individuals was indistinguishable
from background levels, and melting curve analyses sug-
gested non-target amplification in late cycles (Figs 1 and
2). Thus, the reported copy numbers likely represent over-
estimations of the two actinobacterial taxa, and aposym-
biotic bugs may in fact be completely devoid of these
symbionts.

The abundance of Clostridium sp. and Lactococcus sp.
cells was significantly reduced by surface sterilization of
the eggs only in D. fasciatus (ANOVA, P < 0.05) (Fig. 1),
but not in P. apterus (Fig. 2). Uniformly unaffected by the
egg sterilization procedures were the Klebsiella sp. and
Rickettsiales populations, since their abundances were
constant across treatments in both pyrrhocorid species
(Figs 1 and 2).

Fitness of P. apterus and D. fasciatus following
symbiont manipulation

Aposymbiotic individuals across the two species of pyr-
rhocorids were found to suffer significantly higher mortal-
ity relative to the control treatments (Friedman test,
P < 0.01 for both pairwise comparisons) (Fig. 3A and B).
Re-infection using mid-gut suspensions from conspecific
individuals entirely rescued the adverse fitness effects
caused by symbiont elimination. However, cross-infection
using mid-gut suspensions from heterospecific hosts did
not significantly enhance chances to survive until adult-
hood compared with aposymbiotic treatments (Fig. 3A
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and B). The developmental time until adulthood was also
found to be negatively influenced by symbiont elimination
and exchange (Fig. 3C) in D. fasciatus (Friedman test,
P < 0.05). Similar trends were also observed for the
P. apterus aposymbiotic treatment, but the effects were
not significant (Fig. 3D).

Reproductive success of adult D. fasciatus females
following symbiont manipulation

On average, mating initiated across all symbiont contain-
ing groups (control, re-infected and cross-infected) 3–7
days following the moult into adulthood. Behavioural
assays revealed a complete lack of copulation among
adults of the aposymbiotic treatment, which ultimately
resulted in a lack of ovipositing and, thus, a significantly
reduced reproductive success compared with the other
treatments (ANOVA, P < 0.05) (Fig. 4A). Aposymbiotic indi-
viduals were also observed to be less active, and the
males were less aggressive in their mating pursuits.

For the control, re-infected, and cross-infected treat-
ments, mated females laid on average 3.4 egg clutches

throughout their lifespan, with the average reproductive
output of 127–192 eggs. There were no differences in
reproductive success across the three symbiont-
containing treatments (Fig. 4B) (ANOVA, P > 0.05).

Correlations linking individual strain
abundances to fitness

Abundance estimates for each of the six dominant
strains across treatments were correlated with mortality
of the respective replicate treatment groups to make
inferences regarding the species-specific contributions of
the symbionts towards the enhancement of host fitness.
These analyses revealed positive correlations linking
survivorship to higher frequencies of C. glomerans
and Gordonibacter sp. (Spearman, P < 0.05) for both
P. apterus and D. fasciatus (Fig. 5). While we are confi-
dent that the possible overestimation of actinobacterial
abundances in aposymbiotic treatments constitutes a
possible source of error that is conservative with regard
to the hypothesis tested, we repeated the correlation
analyses under the assumption that the aposymbiotic

Fig. 2. Quantitative PCR analyses of the six dominant microbial strains across the four experimental treatments for P. apterus. Symbiont
numbers represent estimated 16S rRNA gene copy numbers obtained from qPCR assays. Shading of boxes signifies the experimental
treatment. Lines represent medians, boxes comprise the 25–75 percentiles, and whiskers denote the range. Grey bands represent the range
of unspecific background amplification for the negative controls. Different letters above boxes indicate significant differences in copy numbers
(repeated-measures ANOVA, P < 0.05).
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individuals were completely devoid of Actinobacteria as
suggested by the melting curve analyses of the qPCRs.
Hence, for this second analysis, we substituted the
abundances of symbionts that yielded deviating melting
curves in the qPCR assays and showed similar thresh-
old cycle values as the negative controls with 0. The
results remained the same, with abundances of
C. glomerans and Gordonibacter sp. being significantly
correlated with host fitness for both P. apterus and
D. fasciatus (Spearman, P < 0.05). In addition to
the Actinobacteria, Clostridium sp. abundances were
positively correlated with survivorship in D. fasciatus
(Spearman, P < 0.001) (Fig. S2), but not in P. apterus
(P = 0.677) (Fig. S3). No significant correlations between
survival and strain abundance were detected for any of
the other strains (Spearman, P > 0.05 for all correlations,
Figs S2 and S3).

Mortality breakdown per developmental stage among
aposymbiotic individuals of P. apterus indicated that mor-
tality is highest between the 2nd and 4th instars (Fig. 6A),
which correlates directly to the host developmental stages
where, according to quantitative PCR analyses by

Sudakaran and colleagues (2012), the gut microbial com-
munity (including the Coriobacteriacae symbionts) exhib-
its the highest growth rates (Fig. 6B).

Fitness of D. fasciatus fed on sunflower seeds

To assess the possible effects of specific toxic compo-
nents in the linden seed diet on the fitness of symbiotic
and aposymbiotic bugs, we performed an additional
experiment with sunflower seeds that are devoid of the
toxic compounds often present in plants of the order
Malvales. As on the linden seed diet, however, aposym-
biotic individuals of D. fasciatus that were fed exclusively
on sunflower seeds were found to suffer significantly
higher mortality relative to the control treatment (Wil-
coxon signed ranks test, P < 0.05) (Fig. 7A). Additionally,
developmental time until adulthood was significantly
increased after symbiont elimination in D. fasciatus
(Friedman test, P < 0.05, Fig. 7B). Interestingly, both
aposymbiotic and symbiotic sunflower-fed bugs exhib-
ited higher mortality than their linden seed-fed counter-
parts respectively (Figs 3 and 7).

Fig. 3. Fitness of aposymbiotic, symbiotic (control and re-infected) and cross-infected individuals of D. fasciatus (left panel) and P. apterus
(right panel).
A and B. Survivorship from egg hatching to adulthood.
C and D. Nymphal development time until adult stage (days). Shading of boxes denotes the experimental treatment. Lines represent medians,
boxes comprise the 25–75 percentile, and whiskers denote the range. Different letters above boxes indicate significant differences (Friedman
test, P < 0.05).
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Discussion

The ubiquity of Actinobacteria in the environment, coupled
with their capacity towards producing substances with
antimicrobial compounds, has probably predisposed them
to engage in defensive symbioses with soil-dwelling
insects (Kaltenpoth, 2009). In contrast, direct evidence for
their involvement in nutritionally based partnerships has
been relatively scarce (but see Lake and Friend, 1967;
1968). Here we report on the occurrence of two actino-
bacterial taxa (C. glomerans and Gordonibacter sp.) as
essential nutritional symbionts in pyrrhocorid bugs.

Fitness assays demonstrate that symbiont elimination
via surface sterilization of the egg surface significantly

reduces host fitness and reproductive output of both pyr-
rhocorid species used in this study, which is consistent
with the putative function of the symbionts for the nutri-
tional upgrading of the host. The ability to restore normal
fitness to the resulting nymphs from previously sterilized
eggs by reapplying native microbial suspensions ensures
that the method of symbiont elimination was not respon-
sible for the adverse effects observed for aposymbiotic
individuals (Fig. 3). Consistent with these findings is the
breakdown of aposymbiotic treatment mortality per devel-
opmental stage. These analyses point towards the 2nd,
3rd and 4th instars as the stages where individuals from
this treatment suffer the greatest mortality (Fig. 6A). It is
during those stages that the Coriobacteriaceae symbiont
populations experience the highest growth rate in
untreated control individuals (Fig. 6B), further confirming
the strong correlation between actinobacterial presence
and fitness effects. This is congruent with a previous study
addressing the contributions of the actinomycete Rhodo-
coccus rhodnii towards its triatomine host (Rhodnius pro-
lixus), where aposymbiotic individuals suffered the
greatest mortality during the 3rd and 4th instars (Lake and
Friend, 1968).

The combined analysis of the 454 pyrosequencing and
qPCR revealed that the core microbial community, namely
Actinobacteria (C. glomerans and Gordonibacter sp.), Fir-
micutes (Clostridium sp. and Lactococcus lactis) and Pro-
teobacteria (an uncultivated bacterium associated with
the Rickettsiales, and Klebsiella sp.) is shared across
both pyrrhocorid hosts (Fig. S1). The symbiont manipula-
tion and exchange procedure utilized in our study consist-
ently influenced the microbial community present within
pyrrhocorid bugs. For both bug species, we observed
significant variation between aposymbiotic and control
treatments for Gordonibacter sp. and C. glomerans
frequencies, suggesting that that the egg surface sterili-
zation procedure was especially effective in ridding pyr-
rhocorids from their Coriobacteriacae symbionts (Figs 1
and 2). More direct evidence for strain-specific contribu-
tions to host fitness was provided by the correlative analy-
ses linking estimated strain abundances for emerging
adults to the survivorship of the replicate treatment that
the individual belonged to. These correlations singled out
Gordonibacter sp. and C. glomerans as essential symbi-
onts given their consistently significant correlations
across the two pyrrhocorid species (Fig. 5). This indicates
that one or both actinobacterial strains are important for
the fitness of pyrrhocorid bugs. However, until strain-
specific re-infection procedures are performed, we cannot
disentangle the individual contributions of C. glomerans
and Gordonibacter sp. towards host fitness. Despite
observing a significant positive correlation between the
frequency of Clostridium sp. and survivorship in D. fascia-
tus, their mutualistic potential was undermined by their

Fig. 4. Reproductive success of aposymbiotic, symbiotic (control
and re-infected) and cross-infected individuals of D. fasciatus.
A. Mating frequencies.
B. Lifetime reproductive success.
Shading of boxes denotes the experimental treatment. Lines
represent medians, boxes comprise 25–75 percentile, and whiskers
denote the range. Different letters above boxes indicate significant
differences (ANOVA, P < 0.05).
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high abundance values in the aposymbiotic treatments of
P. apterus (Figs S2 and S3). Additionally, no such tends
were observed for Lactococcus sp. in either pyrrhocorid
species despite an apparent fluctuation in symbiont abun-
dances in D. fasciatus as a result of the surface steriliza-
tion procedure (Fig. S2). Possibly, the infection with
Clostridium sp. and Lactococcus sp. may be beneficial for
pyrrhocorids, but not essential for growth and develop-
ment of the host. The consistency of both proteobacterial
species (Klebsiella sp. and the undescribed Rickettsiales
bacterium) across all treatments suggests that those sym-
bionts are not influenced by the surface sterilization pro-
cedure (Figs 1 and 2), possibly due to environmental
uptake or transovarial transmission where the infection of
the eggs can originate inside of the female host during the
early stages of oogenesis. Due to our experimental
approach targeting only bacteria that are transmitted via
the egg surface, we cannot make any inferences here
about the influence of these strains on host fitness.

High mortality rates observed for pyrrhocorid bugs that
were cross-infected with microbial suspensions from het-
erospecific individuals indicate that the fitness benefits
conferred to the insect host are governed by a high
degree of specificity. Interestingly, quantitative PCR
measurements of cross-infected individual indicate that
the acquired number of Coriobacteriacae symbiont
cells were comparable to those present in control and
re-infected treatments (Figs 1 and 2). Thus, host–
symbiont interactions rather than lower symbiont titres
appear to be responsible for the fitness reductions in
cross-infected bugs. This is contrary to the experimental
exchange of obligate gut symbiotic bacteria of the stink-
bugs Megacopta punctatissima and Megacopta cribraria,
where symbionts from heterospecific hosts were found to
fully restore fitness irrespective of the receiving insect
host species (under the condition that the insects were
fed on optimal host plants) (Hosokawa et al., 2007). The
high degree of relatedness of M. punctatissima and

Fig. 5. Significant correlations of survival rate and Coriobacteriacae abundances for D. fasciatus (A and C) and P. apterus (B and D) across
treatments (Spearman, P < 0.05). Survival (%) relates to the survival rate of replicate treatments from egg hatching to adulthood. Shapes of
data points signifies the experimental treatment each individual was ascribed to (square = aposymbiotic, cross = cross-infected,
triangle = untreated control, circle = re-infected).
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M. cribraria may account for the higher degree of in sym-
biont specificity observed by Hosokawa and colleagues
(2007), where symbiont exchange was conducted on an
inter-species level as opposed to the inter-generic scale
of this study.

Reports on the feeding biology of Pyrrhocoridae have
indicated a clear preference for ripened seeds of plants
belonging to the angiosperm order Malvales (including
cotton) (Ahmad and Schaefer, 1987; Socha, 1993).
However, some studies have also pointed towards limited
intra- and interspecific carnivorous behaviour where the
bugs have been found to utilize their stylets to attack
slower, weaker prey or recently deceased arthropods
(Kershaw and Kirkaldy, 1908; Ahmad and Schaefer,
1987). Therefore, unlike symbiotic relationships in insects
persisting exclusively on nutritionally deficient diets (e.g.
blood or sap-feeding insects) – but similar to the
Blochmania-harbouring carpenter ants (Feldhaar et al.,
2007) – pyrrhocorids, to a certain degree, appear to sup-

plement their specialized food source of Malvales seeds
with a nutritionally rich carnivorous diet. This raises the
question regarding the putative function of the Coriobac-
teriacae symbionts in this family.

Generally, bacterial symbionts can enable insect hosts
to exploit specialized food sources by supplying additional
nutrients that are limited in their diet, assisting in the
degradation of complex plant tissue, or by providing a
detoxifying function against the plant’s secondary com-
pounds (Douglas, 2009). Cotton plants and a range of
other Malvaceae species contain high concentrations of
gossypol, a phenolic aldehyde that acts as an inhibitor for
several dehydrogenase enzymes (Reeves and Valle,
1932; Abou-Donia, 1976), as well as malvalic and stercu-
lic acid, which are cyclopropenoic fatty acids that have

Fig. 6. (A) Aposymbiotic treatment mortality per developmental
stage (including the following molt) and (B) quantitative PCR
analyses of C. glomerans (black) and Gordonibacter sp. (grey)
across the different developmental stages of P. apterus (modified
from Sudakaran et al., 2012).

Fig. 7. Fitness of aposymbiotic and control groups for D. fasciatus
when fed on sunflower seeds.
A. Survival rate from egg hatching to adulthood.
B. Nymphal development time until adult stage (days). Lines
represent medians, boxes comprise the 25–75 percentile, and
whiskers denote the range. Different letters above boxes indicate
significant differences (Wilcoxon, P < 0.05).
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been demonstrated to inhibit the desaturation of stearic
acid in animals fed on cotton-seed derivatives (Allen
et al., 1967). However, pyrrhocorid bugs as well as some
other herbivorous insects appear to have evolved a
mechanism to cope with the toxic plant compounds. We
hypothesized that the actinobacterial symbionts of Pyr-
rhocoridae may aid in the detoxification of gossypol or
other toxic components of Malvales seeds. However, our
current findings do not support this hypothesis, since apo-
symbiotic individuals exhibited high mortality even when
fed on a gossypol and cyclopropenoic acid-free diet com-
posed of sunflower seeds (Fig. 7). Thus, the primary role
of the symbionts appears to be a more general nutritional
function rather than the detoxification of noxious second-
ary plant compounds. Whitsitt (1933) demonstrated that
cottonseed meals offer prohibitively low amounts of vita-
mins, especially riboflavin, to be utilized exclusively as a
food source. Based on these considerations and the
results of the present study, it seems likely that the main
function of the Coriobacteriaceae symbionts lies either in
the degradation of complex plant compounds (e.g. cellu-
lose) or the supplementation of the diet with limiting vita-
mins. However, until we assess the importance of the
gammaproteobacterial symbionts (Klebsiella sp. and the
Rickettsiales bacterium) and Firmicutes (Clostridium sp.
and Lactococcus sp.), and disentangle the individual con-
tributions of C. glomerans and Gordonibacter sp. through
strain specific re-infections, we cannot rule out detoxifica-
tion as a putative additional function of the microbial
community.

Members of the genus Dysdercus are of serious impor-
tance given their worldwide distribution spanning every
major cotton-producing continent, and the irreversible
damage that they confer to this economically important
crop plant. Elucidating the contribution of the resident
symbiotic community to the fitness of pyrrhocorid bugs
and the fundamental mechanisms by which these benefits
are conferred not only expands our understanding of the
ecology of a serious agricultural pest, but may also
provide novel leads for biological control by manipulation
of the host’s microbiota. To elucidate the exact functions
of C. glomerans and Gordonibacter sp. towards their
hosts, additional approaches examining the metabolism,
physiology and genomic signatures of these symbionts
are required.

While most studies investigating insect-bacterial symbi-
oses are focused on elucidating the contributions of a
single microbial symbiont towards its host (Douglas, 1998;
2009; Moran, 2002), the majority of insects, including the
Pyrrhocoridae insect family, are inhabited by a complex gut
microbial community (Buchner, 1965; Dillon and Dillon,
2004; Ferrari and Vavre, 2011; Sudakaran et al., 2012).
Despite their abundance and ecological importance, func-
tional analyses detailing the fitness contributions of sym-

bionts in multipartite interactions have been scarce to date.
Thus, we believe that our quantitative community-level
approach for investigating the fitness contributions of
several bacterial strains towards a single host presents a
powerful tool that can be broadly utilized to gain important
insights into functional roles of individual microbial taxa in
symbiotic systems that involve multiple partners.

Experimental procedures

Insect sampling and rearing

Adult specimens of Pyrrhocoris apterus (Hemiptera: Pyrrhoc-
oridae) were collected from the vicinity of linden trees (Tilia
cordata and Tilia platyphyllos) in Jena, Germany. The insects
were reared in plastic containers (20 ¥ 35 ¥ 22 cm) at a con-
stant temperature of 28°C and long light regimes (16h/8h
light/dark cycles) to prevent the insects from entering into
diapausal states. Bugs were provided with previously auto-
claved water and crushed dry linden seeds (T. cordata and
T. platyphyllos). Dysdercus fasciatus were acquired from a
laboratory culture maintained at the University of Würzburg,
Germany, which had been originally collected from the
Comoé National Park, Côte d’Ivoire. The insects were reared
under the same conditions as described for P. apterus.

Bacterial tag-encoded FLX amplicon pyrosequencing
(bTEFAP) and data analysis

Prior to DNA extraction, six complete D. fasciatus adults
(three males and three females) were submerged in liquid
nitrogen and crushed with sterile pestles. DNA was extracted
using the MasterPure DNA Purification Kit (Epicentre Tech-
nologies) according to the manufacturer’s instructions.
BTEFAP was done using an external service provider
(Research & Testing Laboratories, Lubbock, USA) with 16S
rRNA primers Gray28F and Gray519R (Ishak et al., 2011;
Sun et al., 2011). A sequencing library was generated 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 Titanium reagents and procedures at Research and
Testing Laboratory (RTL, Lubbock, TX, USA, http://www.
researchandtesting.com). All low quality reads (quality cut-
off = 25) and sequences < 200 bp were removed following
sequencing, which left 10 026 sequences for analysis. The
raw reads (sff files) were deposited in the short read archive
(SRA) of NCBI under accession number SRA058953.

Analysis of the high-quality reads was conducted by using
QIIME (Caporaso et al., 2010b). Cdhit (Li and Godzik, 2006)
and uclust (Edgar, 2010) with 97% similarity cut-offs were
employed in multiple OTU picking to cluster the sequences
into operational taxonomic units (OTUs). The most abundant
sequence was chosen as representative sequence for each
OTU picked and aligned to the Greengenes core set (avail-
able from http://greengenes.lbl.gov/) using PyNast (Capo-
raso et al., 2010a), with the minimum sequence identity per
cent set to 75%. RDP classifier was used for taxonomy
assignment (Wang et al., 2007), with a minimum confidence
to record assignment set to 0.80. An OTU tables was gener-
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ated describing the occurrence of bacterial phylotypes within
the sample. The table was then manually curated
by removing low-frequency reads (< 0.1% in the sample)
and through database comparisons of the representative
sequences with the NCBI and RDP databases. Based on the
BLASTn results, OTUs with the same genus-level assign-
ments 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).

Experimental manipulation of the microbial
gut community

To avoid pseudoreplication, ten egg clutches (> 35 eggs
each) from different females of P. apterus and D. fasciatus,
respectively, were harvested five days after ovioposition and
kept separately. Each clutch was randomly separated into
four different experimental treatments: (i) aposymbiotc, (ii)
re-infected with native microbial community, (iii) cross-
infected with heterospecific microbial community and (iv)
untreated control. Aposymbiotic individuals were generated
by surface sterilization of eggs following the procedure
described by Prado and colleagues (2006). Briefly, eggs were
submerged in bleach (12% NaOCl) for 45 s, followed by a
5 min 95% ethanol treatment, which was subsequently
washed off thoroughly with sterile H2O. Reapplication of the
symbiotic microbial community was accomplished by spread-
ing a suspension of the crushed M3 gut region of a conspe-
cific or a heterospecific individual over previously sterilized
eggs. Future contamination of the experimental treatments
with environmental bacteria was reduced by using auto-
claved food (linden seeds) and water throughout the course
of the study.

To investigate the possibility of symbiont-mediated detoxi-
fication of plant secondary compounds associated with the
linden seeds, eight additional egg clutches from different
D. fasciatus females were harvested and separated into two
different experimental treatments: (i) aposymbiotic, and (ii)
untreated control. Both treatments were reared as described
above, but the newly hatched nymphs were supplemented
with autoclaved sunflower seeds instead of linden seeds.

Fitness measurements

Individuals across all experimental treatments were observed
on a daily basis for the assessment of fitness effects across
the different groups. Growth rate (nymphal stage) and
survival until adulthood (%) were recorded. A replicate treat-
ment group of bugs was defined to have completed a
nymphal stage when 50% of the nymphs had successfully
molted into the following developmental stage.

To quantify the reproductive success of emerging adult
D. fasciatus females, eight females and eight males were
collected across the replicates of each treatment respectively.
Due to the high mortality in the aposymbiotic group, only six
males could be allocated to the eight aposymbiotic females.
For each female, we measured the copulation frequencies
and the total number of eggs laid throughout its lifespan
(lifetime reproductive success). Mating frequencies were
determined by assessing the per cent of days an individual
was found in a mating pair. All egg masses laid by each of the
females were collected, and the number of eggs was counted
throughout the lifespan of the bug.

DNA extraction and PCR screening for C. glomerans

A single emerging adult individual from every experimental
treatment for both species was subjected to DNA extraction
three days after adult emergence (Kaltenpoth et al., 2009).
Males and females were used indiscriminately, as they have
been shown previously to harbour identical microbial commu-
nities in the mid-gut (Sudakaran et al., 2012). To validate that
the surface sterilization and re-infection procedures were
successful, primers specific for C. glomerans (Kaltenpoth
et al., 2009) were utilized to screen for the symbiont using
diagnostic PCR reactions (Table 1). To account for any fail-
ures during DNA extraction, additional PCR screens targeting
the host 18S rRNA genes of P. apterus and D. fasciatus were
performed (Li et al., 2005), and negative samples were dis-
carded from further analysis (Table 1). PCR amplifications
were conducted on a VWR Gradient Thermocycler (VWR,
Radnor, PA, USA) using 12.5 ml reactions, including 1 ml of
DNA template, 1¥ PCR buffer [20 mM Tris-HCl, 16 mM
(NH4)2SO4, and 0.01% Tween 20], 2.5 mM MgCl2, 240 mM
dNTPs, 0.8 mM of each primer, and 0.5 ml of Taq DNA
polymerase (VWR, Radnor, PA, USA). The following cycle
parameters were used: 3 min at 94°C, followed by 32 cycles
of 94°C for 40 s, 68/66°C for 1 min (Cor/Pyr primers respec-
tively), and 72°C for 1 min, and a final extension time of 4 min
at 72°C.

Quantitative PCR

Quantitative PCRs (qPCRs) for the six dominant bacterial
strains within pyrrhocorids (Sudakaran et al., 2012) were
conducted across the four experimental treatments of
P. apterus and D. fasciatus using a RotorGene-Q cycler
(Qiagen, Hilden, Germany), with the same individual DNA
extracts used for the C. glomerans screen. The final reaction
volume of 25 ml included the following components: 1 ml of
DNA template, 2.5 ml of each primer (10 mM), 6.5 ml of auto-
claved distilled H2O and 12.5 ml of SYBR Green Mix (Qiagen,

Table 1. Diagnostic primers used for the specific detection of C. glomerans in pyrrhocorids and for positive control amplification of host DNA.

Primer Primer sequence (5′ → 3′) Orientation Target group Reference

Cor_2F GGTAGCCGGGTTGAGAGACC Fwd. C. glomerans Kaltenpoth et al. (2009)
Cor_1R ACCCTCCCMTACCGGACCC Rev.
Pyr18S_2F GGGAGGTAGTGACAAAAAATAACG Fwd. Pyrrhocoridae Sudakaran et al. (2012)
Pyr18S_4R GTTAGAACTAGGGCGGTATCTG Rev.
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Hilden, Germany). The primers used were specific for the
16S rRNA genes of C. glomerans, Gordonibacter sp.,
Clostridium sp., the undescribed Rickettsiales bacterium,
Klebsiella sp. and Lactococcus lactis (Table 2) (Sudakaran
et al., 2012). Verification of primer specificity was conducted
in silico by comparison with reference sequences of all bac-
terial taxa in P. apterus (Sudakaran et al., 2012). Additionally,
PCR products of all strain-specific PCRs were sequenced
without prior cloning from mid-gut samples of P. apterus
(Sudakaran et al., 2012) and D. fasciatus (this study) to
confirm primer specificity in vitro. Conditions for qPCR were
optimized using a VWR Gradient Thermocycler (VWR,
Radnor, PA, USA) at various annealing temperatures (60–
68°C). Standard curves (10-fold dilution series from 1 to
10-6 ng ml-1) were generated using purified PCR products for
all six primers after measuring the PCR products using a
NanoDropTM1000 spectrophotometer (Peqlab). For qPCR,
the following cycling parameters were used: 95°C for 10 min,
followed by 45 cycles of 68°C for 30 s, 72°C for 20 s and
95°C for 15 s. Subsequently, a melting curve analysis was
conducted by increasing the temperature from 60°C to 95°C
within 20 min. Six replicates of one of the standard concen-
trations were used, for each primer pair and concentration,
for the calibration of the standard curve. The resulting aver-
ages were then utilized to correct for possible errors in the
DNA concentration measurements. Based on the standard
curve, absolute copy numbers of specific 16S templates were
calculated according to Lee and colleagues (2006; 2008).

Statistical analysis

For both Pyrrhocoridae species, growth and survival rates
until adulthood were compared across the four experimental
treatments using Friedman tests with Wilcoxon–Wilcox post
hoc measures for the analysis of dependent samples (with
replicates across treatments paired via individual egg
clutches), using the statistical software BiAS 7.40 (Epsilon-
Verlag; Hochheim-Darmstadt, Germany). To compare symbi-
ont 16S copy numbers estimated in the qPCRs, and
reproductive success of emerging females (only D. fascia-
tus), ANOVA was used as implemented in the SPSS 17.0 soft-
ware package (SPSS, Chicago, IL, USA). Growth and survival
rates of the two D. fasciatus treatments (aposymbiotic and
untreated control) reared on sunflower seeds were compared
using Wilcoxon signed ranks test using the BiAS 7.40. Non-

parametric bivariate correlations (Spearman) between sym-
biont abundance (of the representative individual subjected
to qPCR) and treatment mortality within each replicate were
performed for each symbiont strain in order to infer the indi-
vidual contributions of the strains towards the host’s overall
fitness and development (SPSS 17.0).
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Fig. S1. Bacterial community of P. apterus and D. fasciatus.
Relative abundance of gut bacterial taxa (genus-level) from
454 pyrosequencing of 16S rRNA amplicons (10 026 reads in
total for D. fasciatus) of a pooled sample of six adult individu-
als respectively. The community profile for P. apterus was
obtained from Sudakaran and colleagues (2012).
Fig. S2. Correlations of survival rate and individual symbiont
abundances for D. fasciatus across treatments. Survival (%)
relates to the survival rate of replicate treatments from egg
hatching to adulthood. Shapes of data points signifies the
experimental treatment each individual was ascribed
to (square = aposymbiotic, cross = cross-infected, triangle
= untreated control, circle = re-infected). Bold subtitles
denote significant correlations of symbiont copy numbers and
survival rates (Spearman, P < 0.05).
Fig. S3. Correlations of survival rate and individual symbiont
abundances for P. apterus across treatments. Survival (%)
relates to the survival rate of replicate treatments from egg
hatching to adulthood. Shapes of data points signifies
the experimental treatment each individual was ascribed
to (square = aposymbiotic, cross = cross-infected, triangle
= untreated control, circle = re-infected). Bold subtitles
denote significant correlations of symbiont copy numbers and
survival rates (Spearman, P < 0.05).
Table S1. Absolute and relative (in per cent) sequence
abundance of bacterial OTUs in D. fasciatus.
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