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ABSTRACT Symbioses with microorganisms are ubiquitous in nature and confer im-
portant ecological traits to animal hosts but also require control mechanisms to en-
sure homeostasis of the symbiotic interactions. In addition to protecting hosts
against pathogens, animal immune systems recognize, respond to, and regulate mu-
tualists. The gut bacterial symbionts of the cotton stainer bug, Dysdercus fasciatus,
elicit an immune response characterized by the upregulation of c-type lysozyme and
the antimicrobial peptide pyrrhocoricin in bugs with their native gut microbiota
compared to that in dysbiotic insects. In this study, we investigated the impact of
the elicited antimicrobial immune response on the established cotton stainer gut
bacterial symbiont populations. To this end, we used RNA interference (RNAi) to
knock down immunity-related genes hypothesized to regulate the symbionts, and
we subsequently measured the effect of this silencing on host fitness and on the
abundance of the major gut bacterial symbionts. Despite successful downregulation
of target genes by both ingestion and injection of double-stranded RNA (dsRNA), the
silencing of immunity-related genes had no effect on either host fitness or the qualita-
tive and quantitative composition of established gut bacterial symbionts, indicating that
the host immune responses are not actively involved in the regulation of the nutritional
and defensive gut bacterial mutualists. These results suggest that close associations of
bacterial symbionts with their hosts can result in the evolution of mechanisms ensuring
that symbionts remain insensitive to host immunological responses, which may be im-
portant for the evolutionary stability of animal-microbe symbiotic associations.

IMPORTANCE Animal immune systems are central for the protection of hosts against
enemies by preventing or eliminating successful infections. However, in the pres-
ence of beneficial bacterial mutualists, the immune system must strike a balance of
not killing the beneficial symbionts while at the same time preventing enemy at-
tacks. Here, using the cotton stainer bug, we reveal that its long-term associated
bacterial symbionts are insensitive to the host’s immune effectors, suggesting adap-
tation to the host’s defenses, thereby strengthening the stability of the symbiotic re-
lationship. The ability of the symbionts to elicit host immune responses but remain
insensitive themselves may be a mechanism by which the symbionts prime hosts to
fight future pathogenic infections.

KEYWORDS AMP, gut microbiota, Hemiptera, Heteroptera, immune system, insect,
regulation, symbiosis, vitamin, RNAi

Insects are the most diverse and successful group of animals on earth (1, 2). This can
be attributed not only to their morphological and behavioral adaptations but also to

ecological interactions with other organisms, including microorganisms, which confer
insect hosts with novel traits, allowing them to expand into diverse ecological niches
(2, 3). Insect-associated mutualistic bacteria can be essential for host nutrition and
digestion, defense against natural enemies, detoxification of harmful compounds,
adaptation to challenging environments, and host behavior manipulation (3–10). Thus,
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mutualistic bacteria are integral to the functional ecology of their insect hosts, and
concordantly, hosts have evolved mechanisms ensuring reliable and efficient acquisi-
tion, maintenance, and transmission of the beneficial bacterial partners (11, 12).

While mutualistic bacteria confer their hosts with novel capabilities, their regulation
is essential to avoid uncontrolled proliferation, which can be costly to the host (13).
Accordingly, insect hosts have evolved mechanical, nutritional, chemical, and immu-
nological mechanisms to ensure maintenance of mutualistic bacterial populations
necessary for their needs. In some symbiotic relationships, insect hosts such as aphids
and Sitophilus oryzae beetles have evolved specialized cells called bacteriocytes that
physically confine and restrict the growth of their bacterial symbionts (14, 15). In other
mutualistic relationships, hosts are known to restrict their extracellular symbionts in
specialized structures such as midgut crypts, antennal reservoirs, or larval symbiont
bearing organs, as reported, e.g., for stinkbugs, beewolves, and Lagria beetles, respec-
tively (16–18).

In addition to confinement and restriction in specialized cells or structures, the
availability and amount of essential nutrients required by the microbial partner play
important roles in the establishment or proliferation of symbionts (19, 20). For instance,
the population densities of Spiroplasma poulsonii, the Drosophila melanogaster endo-
symbiont, and Buchnera aphidicola, the pea aphid endosymbiont, correlate positively
with the host lipid and nitrogen levels, respectively (19–21). This suggests that diet and
host nutritional status have an impact on symbiont proliferation. This is supported by
simulation experiments by Mitri et al. (22), who demonstrated that nutrient limitation
on microbial colonization surfaces can drive the structure and functioning of microbial
assemblages. In addition, intra- and interspecific antagonistic or cooperative interac-
tions among cocolonizing symbionts can directly influence their composition and
abundance in the host (23). The dominant gut bacterial symbionts of the honey bee,
Snodgrassella alvi and Gilliamella apicola, for example, have complementary metabolic
capabilities essential for joint resource utilization and cross-feeding interactions, which
subsequently affect their abundance and ability to jointly colonize the host (23–25).

Insects are also known to possess an elaborate innate immune system that not only
defends them against pathogens, but also has the ability to recognize and regulate
bacterial mutualists (14, 15, 26–28). For instance, the Burkholderia symbiont of the bean
bug Riptortus pedestris, which is confined to specialized midgut crypts, is highly
susceptible to the insect’s humoral immune responses (27, 29). A strong immunological
response characterized by the upregulation of c-type lysozyme, pyrrhocoricin-like, and
rip-thanatin antimicrobial peptides in the midgut efficiently controls Burkholderia sym-
biont populations in the crypts (27, 30). Likewise, Sitophilus sp. weevils’ ColA antimi-
crobial peptide is important not only for containing the Sitophilus primary endosym-
biont within the bacteriocyte but also for regulating symbiont growth by inhibiting cell
division (14, 31, 32). While our knowledge of the interactions between the insects’
immune system and beneficial microbes has increased considerably in the past de-
cades, a general understanding of the molecular mechanisms underlying the mainte-
nance of a mutualistic microbiota while at the same time ensuring an efficient defense
against antagonists remains lacking.

The African cotton stainer bug, Dysdercus fasciatus (Hemiptera: Pyrrhocoridae),
possesses a simple and stable core bacterial community in the midgut, which is
composed of Hungatella sp., Klebsiella sp., Coriobacterium glomerans, Gordonibacter sp.,
and Rickettsiales bacteria (33, 34). These gut symbionts supplement the host with B
vitamins that are limiting in their seed-based diet, and they were recently shown to
provide protection against a trypanosomatid parasite, Leptomonas pyrrhocoris (33, 35,
36). Due to their functional importance, the symbionts are maintained in host popu-
lations through both vertical and horizontal transmission routes (37, 38), which are also
exploited by the L. pyrrhocoris parasite for its own transmission within D. fasciatus
populations (38). Dysbiotic insects (deprived of core gut bacteria and parasites) can be
generated by interrupting the symbiont and parasite transmission routes (33, 37, 38),
allowing investigation of the gut bacterial symbionts’ contribution to host fitness and
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physiology as well as host-symbiont-parasite interactions. Comparative transcriptomics
of cotton stainer insects with native gut bacterial communities and dysbiotic insects
revealed a differential expression of genes of the insect’s innate immunity pathways,
i.e., Imd, Toll, JAK/STAT, and phenoloxidase pathways (39). In particular, c-type ly-
sozyme and the antimicrobial peptide (AMP) pyrrhocoricin showed significantly higher
expression levels in insects with native bacteria, while the expression levels of the AMPs
hemiptericin and defensin were upregulated in dysbiotic insects (39).

Here, we hypothesized that the antimicrobial effectors overexpressed in D. fasciatus
in the presence of native gut microbial symbionts may be involved in the regulation of
the cotton stainer’s gut bacterial community. To test this hypothesis, we established an
efficient RNA interference (RNAi)-mediated gene knockdown procedure, which we used
to silence the expression of key immunity-related genes of the Toll and Imd pathways.
We subsequently measured the effect of silencing on insect fitness correlates (devel-
opmental time, weight, and survival rates) and quantified the abundance of the core
bacterial community to determine the interaction between the host immunity-related
genes and the essential nutritional and defensive gut bacterial symbionts.

RESULTS
Optimal dsRNA delivery method in cotton stainers. To determine the optimal

method for delivering double-stranded RNA (dsRNA) to achieve significant knockdown
of D. fasciatus’ genes, we exposed bugs to dsRNA for the c-type lysozyme gene by
either feeding or injecting, and we subsequently compared the knockdown efficiencies
and the durations of silencing for both methods for 3 weeks. Our results show that both
feeding and injecting efficiently delivered c-type lysozyme dsRNA molecules, resulting
in a significant knockdown of up to 2 orders of magnitude in the first and second week
after dsRNA exposure (Fig. 1a and b) (Mann-Whitney U tests, P � 0.05). Although the
expression levels for both methods remained lower in the knockdown treatments than
in the controls throughout the third week, the differences were no longer significant
(Fig. 1a and b) (Mann-Whitney U tests, P � 0.05).

RNAi-mediated knockdown of immunity-related genes in D. fasciatus. To study
the role of the immune system in the regulation of established gut bacterial symbionts,
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FIG 1 Efficiency of RNAi-mediated knockdown of D. fasciatus’ c-type lysozyme after dsRNA feeding (a) and dsRNA
injection (b). Dark boxes represent control knockdown individuals exposed to dsRNA for the green fluorescent
protein (Gfp), white boxes show expression levels in bugs treated with dsRNA targeting c-type lysozyme (C-Lys).
Significant differences between treatments and controls are represented by different lowercase letters above
boxes (Mann-Whitney U tests). Boxes comprise 25th to 75th percentiles, lines in boxes represent medians, whiskers
denote the ranges, circles represent outliers, and stars represent extreme values.
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we silenced the expression of candidate immunity-related genes by RNA interference
(RNAi) in late 2nd instar D. fasciatus nymphs, a stage where the core gut bacterial
community is already mostly established (34). By feeding the respective dsRNA to the
bugs, we silenced genes encoding the immune effectors c-type lysozyme, pyrrhocori-
cin, two forms of defensin (defensin 1 and defensin 2), and hemiptericin (Fig. 2, black
in gray boxes). We also targeted genes upstream in the Toll and Imd pathways,
respectively, encoding Dorsal and Tab (Fig. 2, green) that enhance the expression of
effector genes, as well as Cactus and NF-�B inhibitor (Fig. 2, red) that inhibit the
expression of effector genes (40).

Quantitative PCRs 1 week after RNAi treatment revealed that the expression levels
of the target genes in the knockdown treatments were lower than those of control
individuals fed dsRNA of the green fluorescent protein (GFP) gene by at least 1 order
of magnitude, except for NF-�B inhibitor and hemiptericin. The transcript levels of
c-type lysozyme and pyrrhocoricin, which were previously found to be significantly
overexpressed in the presence of D. fasciatus’ native gut bacterial symbionts (39), were
significantly reduced by 2 and 1 orders of magnitude, respectively, after knockdown
(Fig. 3e and f). Wilcoxon signed-rank tests revealed that our knockdown strategy
significantly decreased the expression levels of all targeted genes except for hemip-
tericin (Fig. 3) (Wilcoxon signed-rank test, P � 0.05). Although there were lower
transcript levels of hemiptericin in the knockdown treatments than in the controls, this
difference was not significant (Fig. 3g) (Wilcoxon signed-rank test, P � 0.496).

Impact of immunity-related gene knockdown on insect fitness. Once we estab-
lished that the target genes had been successfully knocked down, we sought to
evaluate the effect of knockdown on insect fitness correlates, i.e., developmental time
(time between knockdown and adult emergence), weight upon adult emergence, and
survival rate until adulthood (survivorship from the time of RNAi treatment until
emergence). Across the seven treatments, developmental time and insect weight upon
adult emergence were not significantly different (Fig. 4a and b) (Friedman test: devel-
opmental time, �2 [6] � 5.282, P � 0.508; weight at emergence, �2 [6] � 8.816, P �

0.184). Similarly, there were no differences in survival rates between each of the six
knockdown treatments and the control treatment (Fig. 5) (Cox mixed-effects model,
P � 0.05).
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FIG 2 Schematic diagram of the insect Toll and Imd pathways and silenced genes in this study. Gray
boxes represent all genes targeted for knockdown, genes in red inhibit transcription of effector genes,
while genes in green enhance transcription of effector genes. Figure modified from reference 39.
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Impact of immunity-related gene knockdown on the composition of the D.
fasciatus gut bacterial community. Establishment of the core members of the gut
bacterial community of firebugs (Hungatella sp., C. glomerans, Gordonibacter sp., and
Klebsiella sp.) occurs in the 2nd instar stage (34). To determine if D. fasciatus’ immune
system is actively involved in the regulation of the already established gut bacterial
symbionts, we knocked down the expression of target genes in the late 2nd instar
nymphs and quantified by quantitative PCR (qPCR) the 16S rRNA copy numbers of the
core gut bacterial symbionts 1 week after knockdown as well as after emergence as
adults. After 1 week of RNAi knockdown, normalized 16S rRNA copy numbers of C.
glomerans and Hungatella sp. in nymphs were statistically significantly different across
treatments (Fig. 6a and c) (Friedman test: C. glomerans, �2 [6] � 16.286, P � 0.012;
Hungatella, �2 [6] � 14.971, P � 0.02). However, Dunn-Bonferroni post hoc tests did not
reveal any significant differences between the control and any of the six knockdown
treatments. Instead, significant differences were observed between c-type lysozyme
(C-Lys) and Dorsal and Tak1 binding protein (Dor&Tab) knockdown treatments (P �

0.05) as well as between C-Lys and defensin 1 and defensin 2 (Defs) knockdown
treatments (P � 0.05) for C. glomerans (Fig. 6a) and between pyrrhocoricin (Pyr) and
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FIG 3 Expression of target immunity-related genes in D. fasciatus nymphs 1 week after knockdown. RNAi-mediated knockdown resulted in significant
decreases in the expression of Dorsal (Dor) (a), Tak1 binding protein (Tab) (b) NF-kappa B inhibitor (NF-�B) (c), Cactus (Cac) (d), c-type lysozyme (C-Lys) (e),
pyrrhocoricin (Pyr) (f), and defensin 1 (h) and defensin 2 (i) (Defs) in comparison to those in control individuals fed with dsRNA targeting the GFP gene, while
hemiptericin (Hem) (g) showed an insignificant decrease in transcript levels after knockdown. Significant differences are represented by different lowercase
letters above boxes (Wilcoxon signed-rank tests). Detection threshold is 0 if not indicated by the gray horizontal line (negative control in the qPCR). Boxes
comprise 25th to 75th percentiles, lines in boxes represent medians, whiskers denote the ranges, circles represent outliers, and stars represent extreme values.
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Dor&Tab knockdown treatments for Hungatella sp. (P � 0.05) (Fig. 6c). Although
significant, the symbiont abundance in the treatments was decreased by less than 1
order of magnitude. Normalized 16S rRNA copy numbers of Gordonibacter sp. and
Klebsiella sp. were not significantly different across the seven treatments (Fig. 6b and d)
(Friedman test: Gordonibacter, �2 [6] � 4.041, P � 0.671; Klebsiella, �2 [6] � 12.143, P �

0.059).
Similarly, adults that emerged from the dsRNA-treated nymphs showed minor

changes in the bacterial community, with only Hungatella sp. showing statistically
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significant differences across treatments (Fig. 7c) (Friedman test: �2 [6] � 16.071, P �

0.013). Dunn-Bonferroni post hoc tests revealed statistically significant differences
between the GFP control treatment and both the Pyr and Defs knockdown treatments
(P � 0.05). Hungatella abundance in these treatments was decreased by approximately
1 order of magnitude compared to that in the GFP controls. The abundances of C.
glomerans, Gordonibacter, and Klebsiella did not differ significantly across treatments
(Fig. 7a, b, and d) (Friedman test: C. glomerans, �2 [6] � 12.429, P � 0.053; Gordoni-
bacter, �2 [6] � 7.745, P � 0.257; Klebsiella, �2 [6] � 1.469, P � 0.962).

DISCUSSION

In addition to defending hosts against pathogenic infections, animal immune
systems play an important role in the molecular cross talk of hosts and their beneficial
microbes in many animal-bacterial symbioses (14, 28). Here, we studied the interaction
of the pyrrhocorid bug D. fasciatus with its nutritional and defensive gut bacterial
symbionts (Coriobacterium glomerans, Gordonibacter sp., Hungatella sp., and Klebsiella
sp.) via the host immune system. Using a target gene knockdown approach, we report
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that after establishment, D. fasciatus’ gut bacterial symbionts were not affected by the
insect’s antimicrobial peptides, although some of them were overexpressed in the
presence of the bacterial symbionts. Concordantly, the insect’s developmental time,
weight gain, and survival rate were not significantly affected by the knockdown of
immunity-related genes.

The success of RNAi-mediated gene knockdown in insects is highly variable across
species as well as genes or even life stages of the same insect (41). This is because of
the difficulty associated with the delivery, uptake, processing, and trafficking of dsRNA
molecules required to trigger RNAi and the variability in the transcript suppression
period (41, 42). In our experiments, we tested the efficiency of the two traditional
dsRNA delivery methods that are commonly used in insect gene function studies to
knockdown the expression of important cotton stainer immunity-related genes. Our
results show that dsRNA molecules delivered by both injecting and feeding were
readily taken up by the cotton stainer and processed into small interfering RNAs
(siRNAs) to initiate posttranscriptional gene silencing as witnessed by the significant
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FIG 7 Abundances of the core bacterial taxa in adult D. fasciatus that emerged from nymphs treated with dsRNA silencing target immunity-related genes.
Significant differences of 16S rRNA copies of C. glomerans (a), Gordonibacter sp. (b), Hungatella sp. (c), and Klebsiella sp. (d) as revealed by qPCR are indicated
by the different lowercase letters above the boxes (Friedman tests with Dunn-Bonferroni post hoc tests). Boxes comprise 25th to 75th percentiles, lines in boxes
represent medians, whiskers denote the ranges, circles represent outliers, and stars represent extreme values. Gfp, green fluorescent protein; Defs, defensins;
Dor, Dorsal; Tab, Tak1 binding protein; Hem, hemiptericin; C-Lys, c-type lysozyme; NF-�B, NF-kappa B inhibitor; Cac, Cactus; Pyr, pyrrhocoricin.
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knockdown of the target genes (Fig. 1 and 3). In other hemipteran insect species, such
as Pyrrhocoris apterus (Pyrrhocoridae), Oncopeltus fasciatus (Lygaeidae), and Rhodnius
prolixus (Reduviidae), RNAi via injection has been used successfully to study genes
associated with their growth and development (43, 44). Our results provide more
evidence on the applicability of the injection method in the delivery of dsRNA for RNAi
studies in heteropteran insects. Additionally, we show that feeding is an equally reliable
technique for conducting successful RNAi-mediated silencing experiments, in terms of
both the degree and the duration of knockdown (Fig. 1). Being a noninvasive and
simple procedure compared to injection, feeding is more applicable in large-scale RNAi
experiments. For example, in the honey bee (Apis mellifera), where both injection and
feeding methods efficiently deliver dsRNA for gene knockdown (45, 46), feeding has
been used successfully in the ecological application of RNAi in improving honeybee
health and resistance against ecologically important viral infections (46).

Removal of the essential cotton stainer gut bacterial symbionts not only affects host
fitness but also changes the expression pattern of the host immunity-related genes
(39). Transcriptome and qPCR analyses showed a higher expression of c-type lysozyme
and pyrrhocoricin in bugs harboring native gut bacteria than in dysbiotic bugs (39). This
suggested that these immune effectors might be involved in the regulation of the
beneficial gut bacterial symbionts. Contrary to this expectation, however, knockdown
of these immunity-related genes did not have an effect on host insect fitness or on the
abundance of the established core gut bacterial symbionts throughout the insect’s
development (Fig. 4 to 6), indicating that the symbionts are insensitive to the host
immune effectors. The cotton stainer’s gut bacterial symbionts are important in B
vitamin supplementation and protection against L. pyrrhocoris infections (33, 35, 36).
Similarities in insect fitness correlates (developmental time, survivorship, and weight at
emergence) between the different knockdown treatments and the control treatment
affirm that all seven treatments had access to the essential symbionts supplying B
vitamins required for development. This is corroborated by the qualitative and quan-
titative consistency of the core gut bacterial symbionts across the seven treatments
(Fig. 6 and 7). Thus, the symbionts may have adapted and become insensitive to the
host immune responses that they trigger, stabilizing this nutritional and protective
mutualism. The ability of the gut bacterial symbionts to elicit the cotton stainer’s
immune responses may be a mechanism by which they stimulate or prime the firebug
immune system to fight pathogenic infections, thereby protecting the host (5, 47, 48).
A similar effect has been observed in honey bees, where individuals with high levels of
hymenoptaecin and apidaecin antimicrobial peptides as a result of harboring native
gut bacterial symbionts are better protected upon infection with Escherichia coli (49).

The insensitivity of gut bacterial symbionts to AMPs as suggested by our results is
contrary to results reported for other insects such as bean bugs (Riptortus pedestris) and
Sitophilus grain weevils, where host antimicrobial peptides are actively involved in the
regulation of established symbionts (14, 27, 29, 31). Nevertheless, our findings agree
with other studies demonstrating resistance of symbionts to host AMPs. Similar to the
cotton stainers, honey bees mount an innate immune response against their core gut
bacterial symbionts (48, 49). In particular, honey bees harboring natural gut bacterial
communities show a higher expression of hymenoptaecin and apidaecin antimicrobial
peptides in the gut and hemolymph than bees with perturbed gut bacterial commu-
nities (49). Investigations into the function of these two antimicrobial peptides through
in vitro experiments revealed that the major honey bee gut bacterial symbionts
(Snodgrassella alvi, Lactobacillus Firm-5, Bifidobacterium sp., and Gilliamella apicola) are
resistant to one or both AMPs (49), suggesting that the elicited AMPs are not directly
involved in regulating the symbionts. Similarly, in the tsetse fly Glossina morsitans
morsitans, the innate immunity system does not seem to be involved in the regulation
of its Wigglesworthia and Sodalis endosymbionts, although these symbionts activate
the tsetse fly’s humoral and cellular immunity (47, 50). Furthermore, a strong immune
response characterized by a higher expression of antimicrobial peptides as a result of
E. coli and trypanosomatid challenge does not affect the titers of the two endosymbi-
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onts (51). Therefore, our findings corroborate these studies, demonstrating that bac-
terial symbionts can be recognized by the host, resulting in the activation of the host
immune responses to which the bacterial symbionts remain insensitive.

Pathogens successfully infect hosts either by evading immune system detection due
to the lack of immune response elicitors or by avoiding killing through the suppression
of host defense mechanisms (52). Likewise, long-term coevolution of beneficial bacte-
rial symbionts with hosts may result in the adaptation of the symbionts to the hosts’
immune system in a way that they are not recognized as foreign or they remain
insensitive to the host immune responses (52, 53). The association of D. fasciatus and
other pyrrhocorids with their characteristic symbiotic bacteria for approximately 80
million years (54) may have resulted in the evolution of resistance mechanisms by the
symbionts aimed at evading the host antimicrobial immune responses, as suggested
for other symbiotic bacteria (52, 53, 55). For instance, Sodalis glossinidius, a secondary
endosymbiont of the tsetse fly, harbors a gene cluster whose expression products are
responsible for the modification of the negative charge of lipid A, a component of the
cell membrane lipopolysaccharides (53). This modification interferes with the ability of
the tsetse fly’s cationic AMPs to bind to the endosymbiont’s cell membrane, resulting
in resistance to these AMPs (53). Mutation of the regulatory systems for this gene
cluster results in the susceptibility of S. glossinidius to the host’s cationic AMPs and
inability to colonize the host (53). Similarly, Bacteroides thetaiotaomicron, a human gut
bacterium, harbors an enzyme responsible for the alteration of the negative charge on
the lipopolysaccharides leading to decreased binding ability of AMPs responsible for
membrane disruption (55). In Riptortus pedestris, the composition of the cell membrane
lipopolysaccharides of its Burkholderia symbiont is essential not only for successful host
colonization but also for symbiont titer regulation (28). As some of the cotton stainer
gut bacteria are not easily cultivable, it is difficult at the moment to investigate whether
any changes in their cell membrane composition are responsible for the ability of the
gut bacterial symbionts to evade regulation by host AMPs.

Our findings do not, however, rule out other possible host mechanisms regulating
the bacterial symbionts. Other than activating the expression of AMPs, the gut bacterial
symbionts may also elicit other immune responses, such as the production of reactive
oxygen species and cellular immune mechanisms, which could be important in sym-
biont regulation (40). In addition to providing a surface area for the adherence of gut
bacterial symbionts, the peritrophic matrix of D. fasciatus provides the physicochemical
conditions and nutrients that can influence symbiont growth dynamics (22, 34). For
instance, the oxygen gradient present in the M3 midgut region of firebugs can act as
a selection and regulation mechanism that influences microbial community growth
dynamics within the midgut (34, 36). Additionally, cocolonization of the cotton stainers’
peritrophic matrix by the different members of the gut bacterial community presents
an opportunity for either antagonistic or synergistic interactions between symbionts
that can greatly influence the composition and stability of the gut microbial community
(25, 56).

In conclusion, our results indicate that the cotton stainer AMPs do not regulate
already established gut bacterial symbionts, as knockdown of the AMPs that are
overexpressed in the presence of the symbionts (or any other AMPs) did not change the
qualitative or quantitative composition of the gut bacterial community. We speculate that
the ability of the gut bacterial symbionts to elicit host immune responses may be a
mechanism of immune priming to enhance the host’s protection against future patho-
genic infections. The insensitivity of the symbionts to the host immune responses may
be due to the evolution of resistance against the host AMPs during the long-term
association of the symbionts with the host. However, colonization succession studies of
firebug gut bacterial symbionts show that the core gut bacterial symbionts are quali-
tatively and quantitatively established in the 2nd instar (34). Since we performed our
knockdown experiments in the late 2nd instar stage when the core symbionts had
already established, we cannot rule out that the investigated AMPs are important in
shaping the gut microbial community during host colonization and early development.
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We therefore propose further investigation into the role of AMPs before and during
symbiont establishment.

MATERIALS AND METHODS
Insect culture source. We used cotton stainer insect cultures that are currently maintained in the

laboratory at the Johannes Gutenberg University Mainz. The insects were originally collected in Comoé
National Park, Côte d’Ivoire, in 2001 and were previously maintained at the University of Würzburg,
Germany, and at the Max Planck Institute for Chemical Ecology, Jena, Germany. The composition and the
abundance of the cotton stainer’s gut microbial community remained unaffected despite the long-term
maintenance in the laboratory (54). All experiments in this study were conducted in Fitotron standard
growth chambers (Weiss Technik, Leicestershire, UK) under controlled environmental conditions: tem-
perature of 26°C, 60% humidity, and long light regimes of 16-h days and 8-h nights.

Double-stranded RNA preparation. To generate dsRNA for the target genes, we used D. fasciatus
transcript sequences from a previous transcriptomic study (39). Candidate sequences for dsRNA gener-
ation were first checked for the possibility of off-target knockdown by blasting them against a local
BLAST database generated using all D. fasciatus transcript sequences. Only the unique regions of these
sequences that had no matching sequences in the database other than the intended target were
selected for further processing. Using Primer-BLAST, we designed specific primers for these unique
regions of the target sequences and used them for a diagnostic PCR. A 12.5-�l PCR mixture was set up
containing 6.4 �l H2O, 1.5 �l reaction buffer S, 1.5 �l deoxynucleoside triphosphate (dNTP) mix, 1 �l of
each primer (10 �M), 0.1 �l of Peqlab DNA polymerase (Peqlab, Erlangen, Germany), and 1 �l of the cDNA
template synthesized from D. fasciatus total RNA. The following PCR conditions were used: denaturation
at 94°C for 30 s, annealing at 58°C for 40 s, extension at 72°C for 45 s, and a final extension at 72°C for
4 min. The PCR product was run on an agarose gel, purified with the innuPREP PCRpure kit (Analytik Jena,
Jena, Germany), and sequenced with an ABI 3130 capillary sequencer (Applied Biosystems, CA, USA).
Specificity of the primers was further confirmed by blasting the primer sequences and their respective
PCR products against the local database. Once the primers’ specificity was confirmed, T7 RNA polymerase
promoter sequence was added to the primers’ 5= ends and then used to perform a second PCR. The PCR
conditions stated above were used, but the annealing temperature was increased by 5°C after the first
5 cycles because of the additional T7 RNA polymerase promoter sequence. The PCR product with the T7
RNA polymerase promoter sequence was purified as stated above and used as a template for dsRNA
synthesis using a MEGAscript RNAi kit (Thermo Fisher Scientific, Vilnius, Lithuania) according to the
manufacturer’s protocol. Briefly, a 20-�l reaction mixture was set up containing �0.1 to 0.2 �g of the
template, 2 �l of each of the dNTPs (75 mM each), 2 �l of the T7 reaction buffer, 2 �l of the T7 enzyme
mix, and nuclease-free water. The reaction components were mixed by gentle pipetting and then
incubated at 37°C for 12 h for dsRNA synthesis. The transcribed dsRNA was mixed with 1 �l TURBO DNase
and incubated at 37°C for 30 min to digest the DNA template. The DNA-free dsRNA was checked on a
low-percentage agarose gel, and once it was confirmed to be of the expected size, it was purified using
the ethanol precipitation protocol. Briefly, 30 �l of nuclease-free water and 5 �l of 3 M sodium acetate
were added followed by 150 �l of absolute ethanol. The solution was mixed thoroughly by vortexing and
incubated at �20°C for 1 h, after which it was centrifuged at 4°C and 15,000 rpm for 15 min. The pellet
was washed once with 200 �l of 70% ethanol and air dried for 15 min before it was dissolved in 50 �l
of nuclease-free water. RNA concentration was determined using the Varioskan LUX multifunction
microplate reader (Thermo Scientific, MA, USA) before storage at �20°C until use.

Establishing the most efficient method for dsRNA delivery. To establish the optimal method for
delivering dsRNA to knock down cotton stainer target genes, two D. fasciatus egg clutches (�35 eggs
each) were collected from the main cultures, one for each of the two methods investigated, i.e., feeding
and injecting. The eggs were maintained under the conditions specified above until hatching. The newly
hatched nymphs were fed ad libitum with autoclaved water and a linden seed diet until they reached the
late second instar, when they were divided into two groups, i.e., knockdown and control treatments.
RNAi was performed by depriving the insects of water for 24 h and then feeding or injecting them with
dsRNA of c-type lysozyme to test for the efficiency of feeding and injection methods of dsRNA delivery,
respectively. One microliter of dsRNA with a concentration of �2 �g · �l�1 was used per insect for both
methods. For the feeding method, a droplet of the dsRNA was offered to the group of insects in a cage,
while for the injection method, the insects were first anaesthetized with CO2 for 1 min and then attached
to a suction pump before dsRNA was injected into the first abdominal segment using the ES-blastocyst
injection straight pipette with a spike needle (Biomedical Instruments, Zöllnitz, Germany) mounted to the
CellTram vario manual microinjector (Eppendorf, Hamburg, Germany). For the controls, mock knockdown
was performed using dsRNA targeting the transcript for green fluorescent protein (GFP). After dsRNA
delivery, the insects were reared in their respective cages and fed ad libitum with autoclaved water and
a linden seed diet. To evaluate the efficiency and duration of knockdown for each of the two dsRNA
delivery methods, 3 to 6 bugs, depending on the number surviving after silencing, were sampled on day
7, day 14, and day 21 after the RNAi knockdown procedure for RNA extraction and subsequent qPCR.

Experimental set-up to investigate the role of immunity-related genes in symbiont regulation.
Fifteen adult D. fasciatus mating pairs were collected from the main cultures and kept in small sterile box
cages (14 cm by 8 cm by 6 cm) until they laid eggs. Egg clutches with �35 eggs were collected for this
experiment and incubated in sterile petri dishes lined with moist filter papers at 26°C and 60% humidity
until hatching. The newly hatched nymphs were fed ad libitum with autoclaved water and a linden tree
seed diet until they reached the late 2nd instar (�7 days after hatching), when they were randomly
divided into seven groups of equal sizes. RNAi targeting single genes or a combination of two genes/two
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isoforms of the defensin gene was performed as per the feeding protocol described above for all seven
groups: Dor&Tab (Dorsal and Tak1 binding protein), NF-�B and Cac (NF-�B inhibitor and Cactus), Defs
(defensin 1 and defensin 2), Hem (hemiptericin), Pyr (pyrrhocoricin), C-Lys (c-type lysozyme), and GFP
(control). All bugs undergoing knockdown treatments were maintained on autoclaved water and linden
seed diets in sterile cages until the end of the experiment. Survival rates, developmental time to
adulthood, measured as the duration from silencing until 50% of the bugs in a replicate treatment had
molted into adults, and weight at emergence, computed as the average weight of individuals within each
replicate treatment, were recorded to determine the effect of knockdown on D. fasciatus fitness. 1 week
post-RNAi, one insect was sampled from each of the 7 treatments for all 15 replicates and subjected to
RNA extraction and qPCR to check for knockdown success and the stability of the core gut microbial
community. Additionally, upon reaching adulthood, the M3 midgut region was dissected from one insect
per replicate treatment to check for the effect of knockdown on the core gut bacteria upon completion
of the developmental period of the insects.

RNA extraction, cDNA synthesis, and qPCR. Total RNA was extracted from the whole insect for the
nymphs or M3 gut region for the adults using the innuPREP RNA Mini isolation kit (Analytik Jena, Jena,
Germany) according to the manufacturer’s protocol. Concentration and quality (optical density [OD]
260/280 nm and OD 260/230, respectively) of extracted RNA samples were determined using a Varioskan
LUX multifunction microplate reader (Thermo Scientific, MA, USA). Reverse transcription-quantitative PCR
(qRT-PCR) was performed using a Quantitect reverse transcription kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s guidelines. Briefly, genomic DNA was removed by setting up a 14-�l reaction
mixture comprising �0.2 �g of RNA template, 2 �l of gDNA wipeout buffer, and RNase-free water. DNA
was digested by incubating the mixture at 42°C for 2 min, followed by the addition of 1 �l of the RT
primer mix, 4 �l of the Quantiscript RT buffer, and 1 �l of the Quantiscript reverse transcriptase enzyme.
This mixture was then incubated at 42°C for 30 min for cDNA synthesis, after which the enzyme was
inactivated at 95°C for 3 min and the generated cDNA stored at �20°C until required for qPCR to
measure gene expression or bacterial abundance.

To determine if RNAi-mediated knockdown of target genes was successful, qPCRs targeting
immunity-related genes were set up with gene-specific primers (Table 1), which were designed and the
specificity of determined as described above. For the quantification of core gut bacterial symbionts,
qPCRs targeting the 16S rRNA genes were set up with specific primers for each of the symbionts as
described previously (36). A qPCR was set up with a final reaction volume of 10 �l containing 0.5 �l of
each primer (10 �M), 5 �l SYBR mix, 3 �l of qPCR H2O, and 1 �l of either template or standard or negative
control (H2O). An additional qPCR targeting D. fasciatus’ 18S rRNA was performed for normalizing the
expression of knockdown genes and abundance of the core gut bacterial symbionts. qPCRs were
conducted on the Rotor-Gene Q cycler (Qiagen, Hilden, Germany) with cycling conditions as described
previously (36). Quantification of the copy number of the expressed immunity-related genes and
bacterial 16S rRNA was determined using Rotor-Gene Q software as previously described (36). Gene
expression levels and abundance of the core bacterial symbionts were normalized with host 18S rRNA
copy numbers prior to data analyses.

Data analysis. All our experiments were performed by splitting up the same egg clutches and
distributing the individuals equally across treatments, resulting in each replicate consisting of siblings.
Therefore, our data met the requirements to be analyzed with paired test statistics, since individuals in
each treatment were related. Accordingly, we used Wilcoxon signed-rank tests to assess differences in
relative gene expression between the knockdown versus the control treatments. However, we used
Mann-Whitney U tests to compare knockdown success when determining the efficient method to deliver

TABLE 1 qPCR primers used to quantify the expression of target gene transcripts

Primer name Primer sequence (5=¡3=) D. fasciatus target genea Sequence ID(s)b

Cact-1F GGCCTGATCTCTTCGCCTAC Cactus Dfas-16185
Cact-1R AACAAAAAGGCAGTCGTCGC
Nf_kappa_qPCR_1F ACTCTTCCGGTCCTCTCGAA NF-kappa B inhibitor Dfas-48512 and Dfas-53732
Nf_kappa_qPCR_1R AGCTTAACACGCTCGACCAA
Dorsal_1F CCGGCTCTTTAGCCAACATC Dorsal Dfas-36948
Dorsal_2R ACAGTTGCCAAGGTTGAAACA
Lyso_For_1 CTTTCCAACCCTGAATGCTC C-type lysozyme Dfas-30397
Lyso_Reverse AGCACGGACTACGGACTGTT
Hemi_1_qpc_for TGAAGGCTCAGGGTAAC Hemiptericin Dfas-00011 and Dfas-46208
Hemip_2_rev GTTTTCCTGTGCATCGCTGT
Pyrrho qpc for GCCAGAGCTTGAACAGGAA Pyrrhocoricin Dfas-00911 and Dfas-33105
Pyrrho qpc rev TGTTGTATATCGGCCTTGGA
Tab_qPCR_1F AAAGGCCACCAGTTGTCAGG Tak1 binding protein Dfas-09234 and Dfas-30553
Tab_qPCR_1R TGCAGCTAAACGGGCACTAA
Def_for CAACTTTCCAAACAAATCCACA Defensin 1 Dfas-33854
Dfas_Def_1R ACTGTCTTCTTGCAGCTCCC
Defensin-1F GGGTGTGAACCACTGGGATT Defensin 2 Dfas-51099
Defensin-1R_Modified TATGCGCCGCTATGGTC
aSequences of the genes can be retrieved from European Nucleotide Archive in the Sequence Read Archive database under accession number PRJEB6171 (39).
bID, identifier.
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dsRNA for knocking down genes in D. fasciatus because of unequal sample size distribution for the
injected treatments where the invasive procedure resulted in the death of some individuals. Friedman
tests with Dunn-Bonferroni post hoc tests were used to compare differences in the times of development,
weights of emerged individuals, and symbiont abundances across the different treatments. These tests
were conducted using SPSS statistics 23.0 (IBM, NY, USA). Survival probabilities of insects were compared
across the different treatments as described previously, by using Cox mixed-effects models as imple-
mented in R 3.4.1 (36).
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