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Bacillus thuringiensis is a widely used bacterial entomopathogen pro-
ducing insecticidal toxins, some of which are expressed in insect-
resistant transgenic crops. Surprisingly, the kiling mechanism of
B. thuringiensis remains controversial. In particular, the importance
of the septicemia induced by the host midgut microbiota is still de-
bated as a result of the lack of experimental evidence obtained with-
out drastic manipulation of the midgut and its content. Here this key
issue is addressed by RNAi-mediated silencing of an immune gene in
a lepidopteran host Spodoptera littoralis, leaving the midgut micro-
biota unaltered. The resulting cellular immunosuppression was charac-
terized by a reduced nodulation response, which was associated with
a significant enhancement of host larvae mortality triggered by
B. thuringiensis and a Cry toxin. This was determined by an uncon-
trolled proliferation of midgut bacteria, after entering the body cavity
through toxin-induced epithelial lesions. Consequently, the hemolym-
phatic microbiota dramatically changed upon treatment with Cry1Ca
toxin, showing a remarkable predominance of Serratia and Clostridium
species, which switched from asymptomatic gut symbionts to hemo-
coelic pathogens. These experimental results demonstrate the impor-
tant contribution of host enteric flora in B. thuringiensis-killing activity
and provide a sound foundation for developing new insect control
strategies aimed at enhancing the impact of biocontrol agents by re-
ducing the immunocompetence of the host.

bioinsecticide | insect-pathogen interactions | insect biocontrol |
pore-forming toxins | immunity

he entomopathogenic Gram-positive bacterium, Bacillus

thuringiensis, produces parasporal crystalline inclusions con-
taining proteinaceous toxins (3-endotoxins, Cry and Cyt) during
sporulation and secretes a different set of insecticidal proteins
during its vegetative growth stage (1-4). When ingested by sus-
ceptible insects, the §-endotoxins are processed by gut proteases
and give rise to active fragments able to bind protein receptors
located on the brush border of midgut cells, where, upon oligo-
merization, they form cation-permeable pores, triggering the os-
motic lysis of cells and subsequent death of the insect (3, 5, 6) (SI
Appendix, Fig. S1).

The discovery of B. thuringiensis and the remarkable interest
generated by its selective insecticidal activity have triggered a
number of investigations aimed at developing successful biocon-
trol applications and bioinspired insect control technologies.
B. thuringiensis spores and crystals have been successfully used
for spray applications against insect pests and pathogen vectors
(7, 8). Moreover, the isolation of the genes coding for B. thuringiensis
toxins has allowed the development of transgenic B. thuringiensis
crops, a pioneering biotechnology for insect control in agriculture
that reached the market in 1996 and has been successfully adopted in
many regions around the world (9). Transgenic B. thuringiensis plant
technology has been greatly improved to confer protection against
different pests and to limit the selection of resistant strains through
gene pyramiding (i.e., the coexpression of different B. thuringiensis
toxins in a plant) (10-12).
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The management of insect resistance has attracted considerable
attention as a key issue for effectively deploying this bioinsecticide
(13-16). Indeed, field monitoring of pest susceptibility, isolation of
new toxins, and the study of resistance mechanisms have been
widely pursued by the scientific community (10, 15). The growing
evidence that the alteration of toxin binding is the most common
resistance mechanism (6) emphasizes the importance of binding
models to predict the effective toxin combinations for successful
implementation of gene pyramiding strategies (12, 16-19).

Comparatively less attention has been devoted to other important
research aspects, such as the complex network of molecular inter-
actions underpinning the host killing mechanism and the role of
factors other than the pore-forming toxins that contribute to
B. thuringiensis pathogenicity and virulence (20, 21). A heated debate
on the B. thuringiensis killing mechanism started almost a decade
ago, and a consensus has not yet been reached. Indeed, divergent
opinions persist on the role played by the microbiota residing in
the midgut of lepidopteran hosts and the septicemia it may cause
after toxin-induced disruption of the lining epithelium (22-31).
Whether the gut paralysis and associated feeding cessation observed
in larvae exposed to Cry pore-forming toxins or the septicemia in-
duced by bacterial proliferation in the insect body cavity is the major
factor contributing to eventual death remains to be resolved (5, 32)
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(SI Appendix, Fig. S1). The various experimental approaches
adopted to address this important research question have led
to different conclusions that are not easy to reconcile. Therefore,
whether B. thuringiensis is a virulent pathogen that disrupts gut
functionality or requires the cooperative action of the commensal
midgut microbiota to kill the host remains elusive.

It is important to narrow this research gap by defining the
effective role of the host microbial community in the induction of
B. thuringiensis toxin’s adverse effects. This will significantly in-
fluence the development of new insect control strategies based
on the manipulation of the complex immune interplay between
insect hosts and their midgut microbiota, which appears to be far
more complex and important than previously thought (33).

Here we have addressed this relevant research issue using an
experimental approach that provides insight into the importance
of septicemia in the complex killing mechanism mediated by
B. thuringiensis toxins. To circumvent the problems associated
with the manipulation of the midgut microbiota with antibiotics
(22-25, 27-31) or of the immune response with immunosup-
pressive molecules (26, 34), both of which have unpredictable
multiple effects, we performed selective RNAi-mediated silenc-
ing of an immune gene (102 SI, 102 Spodoptera littoralis), recently
identified in Spodoptera littoralis (35). This gene is highly ex-
pressed in the immune cells circulating in the hemolymph (i.e.,
hemocytes) and modulates their incorporation in multilayered
capsules formed around foreign intruders entering the body
cavity (i.e., the hemocoel) (35). The final result is the encapsu-
lation of large objects and the nodulation of bacterial cells or
aggregates, which are eventually suppressed by localized pro-
duction of melanin and other toxic compounds on their surface

36, 37).

( In th)e present work, we used the RNAi-mediated disruption of
the cellular immune barriers for an unbiased characterization of
the changes in hemolymph microbiota promoted by B. thuringiensis
toxin-induced lesions and assessment of associated mortality. The
results clearly indicate the important role of septicemia in the in-
duction of host death, and set the stage to develop innovative insect
control strategies that may enhance the impact of biocontrol agents
by altering the immunocompetence of the host.

Results

Effect of 102 S/ Silencing on Host Immune Response. Previous work
has shown that 102 Sl is directly involved in the regulation of en-
capsulation and melanization reactions by S. littoralis larvae (35).
Because nodulation is an important antimicrobial immune re-
sponse that shows functional similarity to the encapsulation of
large foreign intruders (36), it was reasonable to investigate
whether silencing of the 102 SI gene in S. littoralis larvae has any
effect on nodulation and, as a consequence, on the proliferation of
microbial pathogens. We found that indeed this is the case; in
larvae orally treated with 102 SI dsRNA and subsequently chal-
lenged by hemocoelic injection of bacterial cells (Escherichia coli),
the silencing of the target gene (P < 0.0001, 7 =18.98, df =34,n =
18) (Fig. 14) was associated with a significant reduction in nodule
formation (P < 0.0001, t = 26.0, df = 54, n = 28) (Fig. 1B).

To assess whether the 102 SI silencing had any impact on other
components of the immune response, we analyzed its effect on
the phagocytic activity of hemocytes and on the transcription
profiles of genes encoding humoral effectors, including antimi-
crobial peptides (AMPs) and lysozyme (38, 39), following an
immune challenge. The internalization of FITC-labeled E. coli
by hemocytes was not affected by gene silencing (Fig. 1C). The
injection of bacteria significantly enhanced transcription in the
hemocytes of genes encoding these selected humoral effectors
(attacin 1: F5, 46 = 198.13, P < 0.0001; gloverin: F3 ¢ = 39.58, P <
0.0001; lysozyme 1a: F5 ¢ = 95.60, P < 0.0001), but this was not
influenced by gene silencing (Fig. 1D and SI Appendix, Table S1).
The same response pattern was observed in the midgut and fat
body (SI Appendix, Fig. S2 and Table S1).
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Fig. 1. Cellular and humoral immune response by S. littoralis larvae as affected
by RNAi-mediated silencing of the immune gene 102 SI. (A) The transcript level
of 102 S/ was significantly down-regulated in S. littoralis larvae by oral admin-
istration of 702 S/ dsRNA (P < 0.0001, t = 18.98, df = 34, n = 18). (B) RNAI-
mediated silencing of 702 S/ significantly reduced the number of nodules
present in the hemolymph of S. littoralis larvae that received an injection of
E. coli cells (P < 0.0001, t = 25.994, df = 27, n = 28). (C) In contrast, phagocytosis
of fluorescein-conjugated E. coli cells was not influenced by gene silencing.
(D) The transcript level of genes encoding the humoral effectors considered was
significantly enhanced by the immune challenge (n = 8 for each sampling point;
attacin 1: F5, g¢ = 198.13, P < 0.0001; gloverin: F5, ¢ = 39.58, P < 0.0001; lyso-
zymela: F3, g = 95.60, P < 0.0001), but was not influenced by gene silencing.
The values reported are the mean =+ SE. Ty is the time of injection, T; is 18 h
after injection. Different letters denote significant differences between treat-
ments compared within each gene considered.
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Susceptibility of Inmunosuppressed S. littoralis Larvae to B. thuringiensis
and Cry1Ca. Histological analysis showed striking alterations of the
peritrophic matrix (PM) and midgut epithelium in larvae that
ingested Cry1Ca, irrespective of previous dsRNA treatment received
(Fig. 2 A-D). Disruption of the PM coincided with the cessation of
feeding upon intoxication and was reproduced by forced starvation,
suggesting that feeding cessation upon intoxication is likely re-
sponsible for this alteration (S Appendix, Fig. S3). The PM disag-
gregation allowed direct contact of bacteria with the apical
membrane of the midgut epithelium, which had lost its integrity
as a consequence of the toxin-induced lesions. Transmission elec-
tron microscopy observations of larvae exposed to Cry1Ca showed a
massive presence of bacteria adjacent to the apical brush border of
midgut epithelial cells (Fig. 2E). Some of these bacteria had entered
the hemocoel through damaged areas of the gut barrier (Fig. 2 F
and G).

We reasoned that the bacterial invasion of the body cavity
following B. thuringiensis toxin ingestion could be modulated by
the immunocompetence of the host larvae. Thus we investigated
whether the negative impact on nodulation exerted by 102 S/
silencing might have a synergistic interaction with exposure to
B. thuringiensis or its toxins. We found that indeed this was the
case. The susceptibility of S. littoralis larvae treated with 702 S/
dsRNA was significantly greater than that observed in controls
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Fig. 2. Midgut morphology of experimental S. littoralis larvae. (A and B)
Semithin cross-sections of the midgut epithelium from control larvae treated
with GFP dsRNA (A) or 102 S/ dsRNA (B). The epithelial monolayer is intact,
showing regular columnar cells (cc) and goblet cells (gc) and evident PM (pm;
arrowhead), delimiting the ectoperitrophic space (es). (C and D) Semithin
cross-sections of the midgut epithelium from control larvae treated with GFP
dsRNA (C) or 702 S/ dsRNA (D) and fed with Cry1Ca. The toxin induces severe
alterations in both samples and disrupts the integrity of the intestinal bar-
rier. Alterations of cell morphology are visible. The disaggregation of the
PM, associated with feeding cessation, is evident (see the text for details),
and the midgut lumen (l) does not show the presence of a delimited ecto-
peritrophic space. (E-G) Transmission electron microscopy analysis of the
midgut epithelium (e) explanted from experimental larvae treated with
Cry1Ca shows signs of cellular alteration (E-G) and the presence of bacterial
cells close to the apical brush border of the midgut (E), with some of them
located in the disrupted areas of the lining epithelium (arrowhead; F) and in
the hemocoel (arrowhead), where muscle fibers (m) are evident (G). (Scale
bars: 50 pm in A-D, 5 um in E-G.)

treated with GFP dsRNA, both for the commercial formula-
tion of B. thuringiensis (Xentari) and the purified toxin (CrylCa)
(Table 1 and SI Appendix, Fig. S4). On administration of 102 SI
dsRNA, an approximate fivefold increase in mortality was recorded
for both treatments (Table 1 and SI Appendix, Fig. S4). Exposure to
any dsRNA in the absence of B. thuringiensis or its toxin was as-
sociated with a survival rate nearly identical to that observed for
untreated controls (91%; n = 154); these experimental larvae all
underwent pupation and developed into adults.

Collectively, these data suggest that the toxin-induced lesions
allow the entrance of midgut bacteria into the hemocoel, and
that the diminished immunocompetence induced by 102 SI si-
lencing has a major impact on the resulting levels of infection,
which could account for a significant part of the B. thuringiensis
killing mechanism.

Septicemia Induced by Cry1Ca Treatment. To test the hypothesis
that septicemia plays a key role in B. thuringiensis toxin-induced
mortality, we analyzed the impact of different toxin doses and
immunosuppression on the bacterial load in the hemolymph.
The numbers of bacteria recovered from hemolymph samples
increased significantly over time (F3, 176 = 310.36, P < 0.0001),
was directly correlated with toxin dose (F3, 176 = 45.65, P <
0.0001), and was significantly influenced by gene silencing (Fy, 176 =

9488 | www.pnas.org/cgi/doi/10.1073/pnas.1521741113

22.65, P < 0.0001) (Fig. 3 A and B). The different LCs, values
observed in control and silenced larvae (6.6 and 1.2 pg/cm?, re-
spectively) (Table 1 and SI Appendix, Fig. S4) were associated with
similar bacterial loads in the hemolymph (Fig. 3 A and B and SI
Appendl.x Table S2). Conversely, the same dose of toxin (1.2

pg/cm?) resulted in an exponential growth of bacteria and lethal
septicemia only in silenced experimental larvae (Fig. 3 4 and B,
red curves). In all cases, the lethal bacterial proliferation (Fig. 3
A and B) was associated with failure of the nodulation response
(Fig. 3 C and D), which was significantly influenced by both toxin
exposure (F3, g1 = 16.94, P < 0.0001) and gene silencing (Fy, g1 =
30.63, P < 0.0001). Collectively, these data clearly demonstrate
significantly impaired immunocompetence by gene silencing that
favored bacterial replication into the hemolymph and enhanced
larval mortality in the experimental larvae exposed to effective
doses of B. thuringiensis toxin.

The 16S rRNA amplicon-based analysis of the microbiota of
the midgut and hemocoel clearly indicate that B. thuringiensis-
induced lesions allow the passage of bacteria through the in-
testinal barrier and subsequent colonization of the body cavity
(Fig. 4). The bacterial profile of the midgut and hemolymph
were very different in untreated controls, and became similar
only in larvae exposed to an LCs, dose of B. thuringiensis toxm
(6.6 pg/em? for GFP dsRNA-treated larvae and 1.2 pg/cm? for
102 SI dsRNA-treated larvae) (Fig. 4), which caused septicemia
in the experimental larvae (Fig. 3 A and B). These results are
independently supported by a phylogenetic beta diversity analysis
showing a clear separation between hemolymph samples from
untreated larvae and samples of midgut and hemolymph obtained
from larvae exposed to an LCs toxin dose (SI Appendix, Fig. S5).
Alpha diversity measures indicated a reduction of microbial di-
versity in the hemolymph on treatment with higher doses of
toxin (S Appendix, Table S3). The low numbers of bacteria in
the hemolymph of untreated larvae included species mainly of the
genera Acetobacter, Enterococcus, and Lactobacillus, whereas the
structure of the hemolymphatic microbiota changed dramatically
on treatment with an LCs, dose, resulting in almost exclusive col-
onization by Serratia and Clostridium, characteristic of the midgut
environment (Fig. 4 and ST Appendix, Table S4).

Collectively, these results demonstrate that the septicemia caused
by midgut bacteria and induced by B. thuringiensis toxins even in the
absence of bacterial spores is responsible for host mortality, which is
more pronounced when immunocompetence is reduced.

Discussion

The immune response of insects has tightly linked humoral and
cellular components that provide protection against microbial
pathogens and metazoan parasites (39). We have recently dis-
covered that in Lepidoptera, regulation of the encapsulation and
melanization process is mediated in part by a molecular scaffold
composed of amyloid fibers (37), and that the RNAi-mediated
silencing of the gene encoding the amyloidogenic protein (102 SI)

Table 1. Enhancement of B. thuringiensis toxicity by host
immunosuppression

LGCso'
Treatment* GFP dsRNA 102 SI dsRNA T
Xentari 36.6 (20.2-64.4) 7.1 (3.9-13.0) 5.1 (2.3-11.3)
Cry1Ca 6.6 (2.8-16.9) 1.2 (0.5-2.5) 5.5 (1.9-16)

*Toxicity of Xentari and Cry1Ca toxin was obtained on S. littoralis larvae
after RNAi-mediated silencing of an immune gene (702 S/ dsRNA), and in
immunocompetent controls (GFP dsRNA).

TConcentration (micrograms of toxin or Xentari per square centimeter of
diet) killing 50% of experimental larvae, with 95% fiducial limits reported in
parentheses.

*The toxicity increase (TI) is calculated as the ratio between LCso values
scored in GFP dsRNA control larvae and in larvae treated with 702 S/ dsRNA;
95% fiducial limits are reported in parentheses.
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Fig. 3. Relative quantification of bacterial load by qRT-PCR and nodulation
response. (A and B) Fold-change over time of bacterial load in S. littoralis larvae,
as affected by different doses (ug/cm?) of Cry1Ca, in controls exposed to GFP
dsRNA (A) and in immunosuppressed individuals that received a 702 S/ dsRNA
treatment (B). The bacterial load resulted significantly influenced by all exper-
imental factors only in the hemolymph (H) environment (dsRNA: F;, 176 = 22.65,
P <0.0001; Cry1Ca: F3, 176 = 45.65, P < 0.0001; time: F3, 176 = 310.36, P < 0.0001),
whereas no significant changes were observed in the midgut (M). (C and D) The
concurrent nodulation response in controls exposed to GFP dsRNA (C) and in
immunosuppressed individuals who received 102 S/ dsRNA treatment (D) clearly
evidenced an inverse correlation between bacterial growth and nodulation,
which was significantly influenced by both toxin exposure (F,, g1 = 16.94, P <
0.0001) and gene silencing (Fy, g1 = 30.63, P < 0.0001).

disrupts these immune responses (35). Here we have demon-
strated that in S. littoralis, the nodulation/suppression of microbes
is similarly affected by the silencing of this gene, whereas the
phagocytic activity of hemocytes and the humoral antimicrobial
response remain unaltered.

This targeted immunosuppression results in enhanced host
sensitivity to microbial entomopathogens, paving the way for an
unbiased assessment of the role played by septicemia in the com-
plex killing mechanism activated by B. thuringiensis and its pore-
forming toxins. B. thuringiensis toxins produce midgut lesions that
are the entry sites for B. thuringiensis spores and enteric microbes
into the hemocoel, where they are hindered by immune barriers.
The rationale behind our experimental approach was to finely
modulate these barriers and assess the resulting effect on septice-
mia and mortality levels associated with a constant level of damage
to the midgut epithelium. This approach allowed us to study, in a
realistically physiological context characterized by an unaltered
midgut microbiota, the role of the enteric flora in the induction of
lethal septicemia following B. thuringiensis toxin-induced damage.
This is a controversial hypothesis that has been widely debated over
the last decade (22, 23, 27, 28, 40).

The adoption of invasive experimental protocols (i.e., the use
of antibiotics associated with the artificial delivery of selected
bacteria), which will have a profound effect on the midgut
microbiota and possibly on administered B. thuringiensis (25, 32),
has raised serious concerns regarding the biological relevance of
the reported results and the value of their interpretation. The
unnatural conditions associated with elimination of the bacterial
flora will have a major impact on a wealth of functions, including
immune defense barriers, pathogen vectoring capacity, tissue
regeneration, and, more generally, physiological homeostasis,
with a significant influence on nutrition and detoxification path-
ways (33, 41-45). The experimental approach adopted here
did not alter the midgut environment in any detectable way, but
simply acted on the defense response by selectively decreasing
the transcript level of a gene expressed in the hemocytes, which
controls cellular immunity. This allowed a down-regulation of
immunocompetence without using immunosuppressive mole-
cules (26, 34), which may have unintended effects on a range of
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physiological functions and on their cross-modulation with de-
fense reactions (46-48).

The results obtained with this targeted approach clearly indicate
that the experimentally immunosuppressed larvae are far more
sensitive to B. thuringiensis infection, as well as to its toxin Cry1Ca.
Therefore, the limited capacity of bacterial clearance because
of 102 SI gene silencing enhanced the septicemia induced by
B. thuringiensis toxin ingestion. The changes occurring in the
microbiota of the hemolymph strongly corroborate this hypothe-
sis. Indeed, the experimental data demonstrate that midgut bac-
teria overcome the intestinal barrier, ulcerated by B. thuringiensis
pore-forming toxins, and reach the hemocoel, where bacterial
proliferation is toxin dose-dependent. These effects were clearly
enhanced by RNAi-mediated immunosuppression, which caused
the same rates of mortality and septicemia at nearly fivefold lower
doses of B. thuringiensis toxin compared with immunocompetent
controls. The microbiota in the hemocoel of experimental larvae
exposed to an LCsy dose of B. thuringiensis toxin was similar to
that of the midgut, characterized by higher relative abundance of
Serratia. This is in accordance with previous reports on the path-
ogenic role of enterobacteria when they enter the hemocoel af-
ter B. thuringiensis treatment, switching from a gut symbiont to a
systemic pathogen (22, 28). Overall, the in vivo observations
reported here support the hypothesis that the septicemia in host
larvae exposed to B. thuringiensis toxin plays a key role in the
induction of mortality. Moreover, the similar increase in suscep-
tibility induced by host immunosuppression in both the presence
and absence of B. thuringiensis spores indicates that the gut
microbiota has an important role in the complex virulence strategy
adopted by this entomopathogen.

The present study provides a functional framework that may ac-
count in part for the reported discrepancies of the impact exerted by
B. thuringiensis toxins on different insect populations (1, 2). These
differences could be explained by the heterogeneous microbiota
composition and differing degrees of host immunocompetence,
which are influenced by various biotic and abiotic factors. Indeed,
the capacity of insects to mount a costly defense reaction is affected
by multiple factors, including nutritional status, developmental
phase, co-occurrence of multiple pathogens and parasites, as well as
by any other competing metabolic response to environmental stress
agents (49, 50).

Our comparative analysis of the microbiota occurring in the
midgut and in the hemolymph revealed distinct differences. The
hemocoel microbiota of control larvae was characterized by a
completely unique profile, with higher relative abundances of taxo-
nomic groups barely represented in the midgut. This clearly indicates
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Fig. 4. Incidence of the major bacterial taxonomic groups detected by

pyrosequencing. Relative abundance of identified microbial taxa in the
midgut content and hemolymph samples collected from S. littoralis larvae
treated with 702 S/ dsRNA or GFP dsRNA, and exposed to various doses (ug/cm?)
of Cry1Ca. Sample IDs are listed in S/ Appendix, Table S4.
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that without the tissue lesions induced by B. thuringiensis toxins, these
are separate compartments in which different microbial communi-
ties with completely different functional roles are established
and maintained. The unexpectedly low presence of bacteria in
the hemocoel of larvae not exposed to B. thuringiensis or its toxin
was not due to experimental manipulation to deliver dsRNA, as
supported by data obtained from unmanipulated healthy larvae,
showing nearly identical bacterial loads and microbiota composi-
tion of experimental controls (SI Appendix, Fig. S6 and Table S5).
Moreover, the limited presence of bacterial species not associated
with septicemia in the hemolymph of healthy larvae, experimental
controls, and larvae exposed to a low toxin dose could be due either
to a selective passage through the gut wall or to a differential
clearance following hemocoel entrance. A selective passage
through the midgut epithelium could be a possible way to allow
a controlled transfer of bacteria to reproductive tissues and
eggs. In this way, the egg and newly hatched larvae could re-
ceive an early supply of the important microbial complement,
which indeed seems to be already present in the eggs of Lepi-
doptera (51). This reasonable speculation is indirectly supported
by a recent study reporting the transit of ingested bacteria into the
hemolymph and their accumulation in the ovary (52). Given the
important role of the gut microbiota in the overall physiological
balance (33, 42, 53), the occurrence of a transmission mechanism
would not be surprising.

In conclusion, the present study provides a clear picture of
the complex interplay among B. thuringiensis toxins, the host
caterpillar, and its midgut microbiota. By providing insight into
these interactions, we have shown clear-cut evidence regard-
ing the important role of host septicemia in the multifaceted
host killing mechanism mediated by the B. thuringiensis toxin.
However, the importance of host septicemia does not exclude
the possible involvement of other negative effects related to the
disruption of gut structural and functional integrity that may
synergistically contribute to host death by negatively affecting
the metabolism and, indirectly, the immunocompetence. More-
over, these results have important implications from an applied
perspective, setting the stage for the development of selective
RNAi-based strategies of insect pest control aimed at enhancing
the impact of natural antagonists by reducing the immunocom-
petence of the host.

Methods

Gene Silencing. Silencing of the 702 S/ gene by RNAi and the assessment of its
transcription level by qRT-PCR were performed as described previously (35).

Toxicity Bioassays. At 6 h after the last dsRNA administration, newly molted
fifth instar larvae were isolated and used for LCso calculation of both
B. thuringiensis and Cry1Ca, according to the protocol described in S/
Appendix, Methods.

Nodulation and Phagocytosis Assays. For the nodulation assay, at 12 h after
the last dsRNA administration (S/ Appendix, Fig. S7), S. littoralis larvae, sur-
face-sterilized with 70% ethanol and chilled on ice, received an intra-
hemocoelic injection of 2 x 108 E. coli cells suspended in 5 pL of PBS (137 mM
Nacl, 2.7 mM KCl, and 10 mM phosphate buffer, pH 7.4). Injections were
performed through the neck membrane using a Hamilton 1701 RN SYR
(10 pL, 26s gauge, 55 mm long, point style 3). A thoracic leg was cut 18 h
after injection, and the exuding hemolymph was collected and immediately
diluted into an equal volume of ice-cold Mead anticoagulant buffer (98 mM
NaOH, 145 mM Nadl, 17 mM EDTA, and 41 mM citric acid, pH 4.5). The he-
mocyte nodules occurring in the hemolymph samples were counted (n = 28)
under a microscope at 400x magnification (Axioskop; Carl Zeiss Microscopy),
using a Burker chamber. Nodulation assays on larvae exposed to Cry1Ca
treatment were performed similarly at the same experimental time points (n =
5-10 on each sampling point) used for qRT-PCR quantification of bacterial loads
(SI Appendix, Fig. S7). When an intense immune response gave rise to large
aggregates of nodules difficult to count separately, the number of distinct
nodules observed was arbitrarily doubled, because the percentage of nonwhite
pixels measured (ZEN software; Carl Zeiss Microscopy) on the large aggregates
was on average twice that measured on a bright-microscopy field containing
discrete nodules and free hemocytes.
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Phagocytic activity by S. littoralis hemocytes was assessed in vivo at 12 h after
the last dsRNA administration, by injecting 10 pL of a PBS suspension of 2 x 10’
fluorescein-conjugated E. coli cells (K-12 strain BioParticles, fluorescein conju-
gate; Life Technologies), reconstituted according to the manufacturer’s in-
structions. After 15 min, the hemolymph was collected from a cut thoracic leg
into ice-cold PBS (2:1) and then loaded into a Burker chamber. The total
number of hemocytes and of hemocytes showing fluorescence were de-
termined using a fluorescence microscope (Axioskop 20; Carl Zeiss Mi-
croscopy). Dead hemocytes (2.02 + 0.05%; n = 10) were counted at the end
of incubation in a Burker chamber by a trypan blue exclusion assay on a
sample aliquot mixed (2:1, vol:vol) with 0.4% (wt:vol in water) trypan
blue (Sigma-Aldrich).

Humoral Antimicrobial Response. The humoral immune response as affected
by gene silencing was assessed by measuring the level of transcription of
genes encoding antimicrobial peptides and lysozymes in response to
bacterial injections (S/ Appendix, Fig. S7). In brief, 6 h after the last dsRNA
administration, S. littoralis larvae, surface-sterilized with 70% ethanol and
chilled on ice, received an intrahemocoelic injection of 2 x 107 E. coli or 3 x
108 Staphylococcus aureus cells, suspended in 5 pL of PBS. Injections were
performed through the neck membrane with a Hamilton 1701 RN SYR
(10 pL, gauge 26s, length 55 mm, needle 3). At the time of injection (To)
and at 18 h after injection (T;), larvae (n = 8 for each experimental sample)
were dissected and hemocytes, midgut, and fat body were collected and
processed for total RNA extraction, as described previously (35). The rel-
ative expression of attacin 1, gloverin, and lysozyme 1a were assessed by
g-RT-PCR, as described in S/ Appendix, Methods.

Cry1Ca Toxin Treatment and Collection of Samples for Microbiota Analysis. At
6 h after the last dsRNA administration, newly molted fifth instar larvae of
S. littoralis, processed to silence the 702 S/ gene (35), were exposed for 3 d to
0.2 and 1.2 pg/cm? of Cry1Ca, whereas control larvae, treated with GFP
dsRNA, received higher toxin doses of 1.2 and 6.6 pg/cm?. Both experi-
mental groups included internal controls maintained on a toxin-free diet.
The experimental doses used were determined by taking into account the
different level of susceptibility associated with gene silencing to compare
treatments having similar impacts in terms of mortality, such as LCso, and
doses approximately fivefold lower than that value. On day 7, larvae were
transferred to an untreated diet, and 24 h later, the midgut content and
hemolymph (~30 pL per larva) were collected separately under a hori-
zontal laminar flow hood (S/ Appendix, Fig. S7). Experimental samples
were obtained by pooling 10 larvae. The experiment was repeated
three times.

To collect the midgut content, the larva was cut longitudinally, and the
explanted midgut was opened lengthwise with microscissors. The material
released from the lumen was immediately homogenized with a pestle in a
tube containing PBS (50 pL per midgut content), vigorously vortexed, and
centrifuged at 2,900 x g for 10 min at 4 °C. The recovered supernatant was
split into two aliquots and used for studying the microbiota (i.e., bacterial
counts and 765 rRNA gene-targeted metagenomics).

A thoracic leg was cut, and the exuding hemolymph was collected and
centrifuged at 300 x g for 10 min at 4 °C to remove the hemocytes. The
plasma thus obtained was split into two aliquots for subsequent analyses of
the microbiota as above.

Analysis of the Microbiota. Total RNA was immediately extracted from samples
using a PowerMicrobiome RNA Isolation Kit (MO BIO Laboratories), according to
the manufacturer’s recommendations. The concentration of extracted RNA was
assessed by measuring the absorbance at 260 nm with a Varioskan Flash Multi-
mode Reader (Thermo Fisher Scientific), and its purity was evaluated by assessing
the 260 nm/280 nm absorbance ratio. Total RNA preparations were then treated
with TURBO DNase | (Life Technologies), according to the manufacturer’s in-
structions. For each sample, 200 ng of bacterial RNA was reverse-transcribed into
<DNA with random primers using RETROscript (Life Technologies), according to
the manufacturer’s instructions.

The structure of the microbiota in the midgut and hemolymph samples
was assessed by pyrosequencing of the amplified V1-V3 region of the 165
rRNA gene as described previously (54). The bioinformatics analysis was
conducted as described in S/ Appendix, Methods. The 16S rRNA gene se-
quences are available at the National Center for Biotechnology Informa-
tion’s Sequence Read Archive (accession no. SRP064613).

Changes over time in the relative bacterial load in the midgut (n =5 for
each sampling point) and hemolymph (n = 10-12 for each sampling point)
samples, collected as described above, were determined by qRT-PCR (S/
Appendix, Methods) to assess the impact of different doses of Bt toxin and
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102 Sl silencing (S/ Appendix, Fig. S7). In addition, viable counts of the
midgut and hemolymph microbiota were performed by plating 1:10 dilu-
tions of the samples onto LB agar, followed by incubation at 25 °C for 48 h.

Light Microscopy and Transmission Electron Microscopy. The methodology is
described in detail in SI Appendix, Methods.

Statistical Analysis. Data were analyzed using GraphPad Prism version 6.0b
and SPSS version 21 (IBM). Experiments with two groups were analyzed using
the unpaired Student’s t test, whereas experiments with more than two
groups were analyzed using one-way ANOVA and Tukey’s multiple-com-
parison test. Two-way ANOVA was carried out on AMP and lysozyme
transcriptional analysis, as affected by dsRNA treatment and bacterial in-
jection, and three-way ANOVA was performed to compare the relative
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