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Often it is the case that it is far easier to identify a
pathogenic microbe than to understand the mechanisms
that lead to host susceptibility or resistance. This is
particularly the case for the common soil-dwelling
Gram-positive bacterium B. thuringiensis (Bt). While
studies have constructed a general understanding of the
mechanism of Bt activity, there remain many unknowns.
Briefly, B. thuringiensis produces toxins (d-endotoxins)
during sporulation that have specific toxicity to many
insect species. The toxin is produced as an inactive
crystal protein, but following ingestion by susceptible
insects, is solubilized in the gut and further processed by
host digestive enzymes.1,2 The activated toxin then binds
to specific receptors on gut cells, which results in either
cell membrane pores leading to cell lysis or the activation
of intracellular signaling pathways resulting in ischemic
cell death.3,4

The selective activity of Bt toxin has led it to become
the most widely used biological insecticide worldwide.
Since the discovery of its insecticidal activity over 100 y
ago, Bt spore and crystal preparations have been used to
control crop pests and vectors of human and animal
diseases. More recently, Bt toxin genes have been
expressed in transgenic crops. Given the wide spread use
of Bt microbial preparations and genetically modified
plants, the evolution of resistance is a concern, and has
been reported for some pest species. Yet, despite over a
century of research, there remains a great deal unknown
about this widely used entomopathogen, and the
mechanism of Bt killing remains controversial as
disparate processes that lead to host/pest resistance have
been identified.5

In this issue of Virulence, the authors of the article
“Immuno-physiological adaptations confer wax moth
Galleria mellonella resistance to Bacillus thuringiensis”
utilized an artificial selection experiment to identify traits

that lead to Bt resistance, focusing on several characteris-
tics previously implicated in toxin resistance.6 Following
selection for Bt resistance over 20 generations,
Dubovskiy et al. first measured the expression of 15
genes with roles in immune, stress, and inflammation
responses in both the midgut (site of toxin binding) and
the fat body, which is an important metabolic and
homeostatic organ in the body cavity that produces
many stress and immune effectors. Comparison between
larvae from susceptible and resistant lines showed that
resistant larvae had significantly higher expression levels
of an inducible metalloprotease inhibitor, which inhibits
proteases that contribute to Bt toxin activation, 2 growth
factors in the midgut, and slightly elevated expression of
additional immune and stress response genes. Similar
elevated expression levels of stress and immune
responses were also observed in the fat body of
uninfected resistant larvae, including the same inducible
metalloprotease inhibitor (IMP1), as well as several
antimicrobial peptides. In general, Bt infection induces
many of these immune and stress genes in susceptible
larvae, which are only further elevated by infection in
resistant larvae. Dubovskiy et al. hypothesize that these
elevated basal responses “prime” the larvae, such that
they have a faster response to Bt ingestion and
management of damage that the toxin may cause.

In addition to an elevated immune and stress respon-
sive state, Dubovskiy et al. show that resistant larvae also
express lower levels of 2 midgut Bt toxin receptors, alka-
line phosphatase and aminopeptidase-N. This suggests
that there may be fewer binding sites for the toxin in the
midgut, which when coupled with increased metallopro-
tease inhibitor levels (suggesting less activated toxin)
could greatly contribute to resistance in these larvae.

Lastly, given previous studies showing that gut micro-
biota can impact Bt susceptibility, the authors use high
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throughput sequencing to compare the gut microbial
communities of larvae of their selected and non-selected
lines. Both resistant and sensitive larvae were associated
with only a few dominant phyla, with 4 phyla represent-
ing greater than 99% of the community. Ingestion of Bt
led to changes in composition for both susceptible and
resistant larvae, with dominance shifting from Firmi-
cutes to Proteobacteria. However, there were notable dif-
ferences between the selected and non-selected lines;
while Bt ingestion increased the relative abundance of
Pseudomonas in susceptible larvae, populations of this
genus were no longer detectable in resistant larvae fol-
lowing Bt infection. In addition, community richness
and abundance were significantly reduced by Bt inges-
tion in resistant larvae, an effect not observed in suscepti-
ble larvae. The authors speculate that the reduced
diversity and notable loss of Pseudomonas sp., which can
be highly pathogenic to many insects, could also contrib-
ute to increased survival of the resistant line, as this
might reduce midgut microbiota members that would
cross the gut and lead to death by sepsis.7

Altogether, the data suggest that increased expression
of genes that contribute to defense and tissue repair pro-
tect larvae from Bt toxin. In this manner, resistant larvae
may be in a ‘primed’ state, which improves the timing of
the response to the toxin and associated damage, includ-
ing the breech of bacteria from the gut to the hemocoel.
Another possibility is that given the lower expression of
receptors and higher expression of protease inhibitors in
the resistant line larvae incur less damage following inges-
tion of the toxin. Moreover, the enhanced basal immune
activity in the resistant line could explain why microbiome
diversity is significantly reduced in these larvae following
additional immune challenge following ingestion of Bt.
Overall, these results are in agreement with an emerging
theme from a number of host-pathogen models; that the
key in host survival following intestinal damage is the bal-
ancing of repair mechanisms (recovery) with defense
mechanisms that eliminate microbial threats, including
the indigenous microbiota.8,9 A strength of this study is
the comparison between the gut versus hemocoel
response, which provide insight to which tissues and
mechanisms to target for future studies and comparison
to other systems. What remains to be determined from
these studies is what host signaling pathways are involved
across the breadth of larval responses to Bt and how the
host host coordinates the local (gut) and systemic (hemo-
coel) response. Similarly, the causal role of the shift in
community composition and abundance observed in resis-
tant larvae will require further study. Another unexpected
results of this study was the positive trade-off of resistance
selection on host physiology, specifically the larger pupal
size and higher fecundity of the resistant line.

All the same, this study is in agreement with observa-
tions that interactions between the host immunity and
the gut microbial community underlie mechanisms of
susceptibility and resistance to Bt toxin. Nearly a decade
ago we presented a new model proposing that in in
some, but not all, lepidopteran species Bt and its insecti-
cidal toxin acted in concert with enteric bacteria to
account for the final death of insect larvae, and that alter-
ation of the host innate immune responses might con-
tribute to this linkage.10-12 This model launched a heated
debate in the field, as others showed that while elimina-
tion of the gut microbiota by antibiotic feeding could
reduce susceptibility, the mechanism of gut microbiota
suppression was due to a direct effect of antibiotics on
the Bt toxin.13-15 More recently, a number of studies,
including this issues’ paper and previous work from
Dubovskiy and colleagues16 have described impacts of Bt
on the microbiome and contributions of microbiota and
the immune response to host susceptibility. Similarly, a
recent paper from Caccia et al.17 reported on a related
mechanism of Bt-induced lethality in which septicemia
caused by the midgut bacteria of another lepidopteran
host, Spodoptera littoralis, was more pronounced in
immunocompromised hosts following RNAi knock-
down of a specific immune gene.

Perhaps the most important lesson from these collec-
tive studies is that microbiota can have diverse effects on
hosts and should be viewed as a component of host phys-
iology and homeostatic state, and thus influence suscep-
tibility and resistance to pathogens often through their
impacts on host immunity. In addition, these host states
are known to feedback on the microbiome. There is a
great deal we still need to learn about these associations
and the signals and feedback mechanisms that lead to
susceptibility and resistance. In the specific case of lepi-
dopteran larvae and Bt toxin these interactions are likely
to be species dependent and dictated by many factors
(e.g. health state, age, nutritional status), all of which will
need to be taken into consideration when studying the
mechanism of action. As evidenced by the Dubovskiy
et al. and Caccia et al. studies advances in tools such as
in vivo RNA interference, targeted genome editing with
CRISPR/CAS9 in non-model hosts, and inexpensive
high throughput sequencing costs will further advance
our understanding of these complex interactions.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

ORCID

Nichole A. Broderick http://orcid.org/0000-0002-6830-9456

854 N. A. BRODERICK

http://orcid.org/0000-0002-6830-9456


References

[1] Pigott CR, Ellar DJ. Role of receptors in Bacillus thurin-
giensis crystal toxin activity. Microbiol Mol Biol Rev
2007; 71:255-81; PMID:17554045; http://dx.doi.org/
10.1128/MMBR.00034-06

[2] Jurat-Fuentes JL, Adang MJ. Cry toxin mode of action in
susceptible and resistant Heliothis virescens larvae. J
Invertebr Pathol 2006; 92:166-71; PMID:16797583;
http://dx.doi.org/10.1016/j.jip.2006.01.010

[3] Soberon M, Gill SS, Bravo A. Signaling vs. punching hole:
How do Bacillus thuringiensis toxins kill insect midgut cells?
Cell Mol Life Sci 2009; 66:1337-49; PMID:19132293; http://
dx.doi.org/10.1007/s00018-008-8330-9

[4] Zhang X, Candas M, Griko NB, Taussig R, Bulla LA, Jr. A
mechanism of cell death involving an adenylyl cyclase/
PKA signaling pathway is induced by the Cry1Ab toxin
of Bacillus thuringiensis. Proc Natl Acad Sci U S A 2006;
103:9897-90; PMID:16788061; http://dx.doi.org/10.1073/
pnas.0604017103

[5] Griffitts JS, Aroian RV. Many roads to resistance: how
invertebrates adapt to Bt toxins. BioEssays 2005; 27:614-
24; PMID:15892110; http://dx.doi.org/10.1002/bies.20239

[6] Dubovskiy IM, Grizanova EV, Whitten MM, Mukherjee
K, Greig C, Alikina T, Kabilov M, Vilcinskas A, Glupov
VV, Butt TM. Immuno-physiological adaptations confer
wax moth Galleria mellonella resistance to Bacillus thur-
ingiensis. Virulence 2016; 7(8):860-870; PMID:27029421;
http://dx.doi.org/10.1080/21505594.2016.1164367

[7] Mason KL, Stepien TA, Blum JE, Holt JF, Labbe NH, Rush
JS, Raffa KF, Handelsman J. From commensal to pathogen:
translocation of Enterococcus faecalis from the midgut to the
hemocoel of Manduca sexta. mBio. 2011; 2:e00065-11;
PMID:21586646; http://dx.doi.org/10.1128/mBio.00065-11

[8] Buchon N, Broderick NA, Lemaitre B. Gut homeostasis
in a microbial world: insights from Drosophila mela-
nogaster. Nat Rev Microbiol 2013; 11:615-26;
PMID:23893105; http://dx.doi.org/10.1038/nrmicro3074

[9] Casadevall A, Pirofski LA. What is a host? Incorporating
the microbiota into the damage-response framework.
Infect Immun. 2015; 83:2-7; PMID:25385796; http://dx.
doi.org/10.1128/IAI.02627-14

[10] Broderick NA, Raffa KF, Handelsman J. Midgut bacteria
required for Bacillus thuringiensis insecticidal activity. Proc
Natl Acad Sci USA 2006; 103:15196-99; PMID:17005725;
http://dx.doi.org/10.1073/pnas.0604865103

[11] Broderick NA, Robinson CJ, McMahon MD, Holt J, Han-
delsman J, Raffa KF. Contributions of gut bacteria to Bacillus
thuringiensis-induced mortality vary across a range of Lepi-
doptera. BMC Biol 2009; 7:11; PMID:19261175; http://dx.
doi.org/10.1186/1741-7007-7-11

[12] Broderick NA, Raffa KF, Handelsman J. Chemical modu-
lators of the innate immune response alter gypsy moth
larval susceptibility to Bacillus thuringiensis. BMC
Microbiol 2010; 10:129; PMID:20423490; http://dx.doi.
org/10.1186/1471-2180-10-129

[13] Johnston PR, Crickmore N. Gut bacteria not required for
Bacillus thuringiensis insecticidal activity towards the
tobacco hornworm, Manduca sexta. Appl Environ
Microbiol 2009; 75:5094-99; PMID:19525273; http://dx.
doi.org/10.1128/AEM.00966-09

[14] Raymond B, Johnston PR, Wright DJ, Ellis RJ, Crick-
more N, Bonsall MB. A mid-gut microbiota is not
required for the pathogenicity of Bacillus thuringiensis
to diamondback moth larvae. Environ Microbiol 2009;
11:2556-63; PMID:19555371; http://dx.doi.org/10.1111/
j.1462-2920.2009.01980.x

[15] van Frankenhuyzen K, Liu Y, Tonon A. Interactions
between Bacillus thuringiensis subsp. kurstaki HD-1 and
midgut bacteria in larvae of gypsy moth and spruce bud-
worm. J Invertebr Pathol 2010; 103:124-31;
PMID:20035766; http://dx.doi.org/10.1016/j.jip.2009.12.008

[16] Grizanova EV, Dubovskiy IM, Whitten MM, Glupov VV.
Contributions of cellular and humoral immunity of Galleria
mellonella larvae in defence against oral infection by Bacillus
thuringiensis. J Invertebrate Pathol 2014; 119:40-6;
PMID:24735783; http://dx.doi.org/10.1016/j.jip.2014.04.003

[17] Cacciaa S, Di Lelioa I, La Storiaa A, Marinellia A, Varric-
chioa P, Franzettia E, Banyulsb N, Tettamantic G, Casar-
tellid M, Giordanad B, et al. Midgut microbiota and host
immunocompetence underlie Bacillus thuringiensis kill-
ing mechanism. Proc Natl Acad Sci U S A 2016;
113:9486-91; PMID:27506800; http://dx.doi.org/10.1073/
pnas.1521741113

VIRULENCE 855

http://dx.doi.org/17554045
http://dx.doi.org/10.1128/MMBR.00034-06
http://dx.doi.org/16797583
http://dx.doi.org/10.1016/j.jip.2006.01.010
http://dx.doi.org/19132293
http://dx.doi.org/10.1007/s00018-008-8330-9
http://dx.doi.org/10.1073/pnas.0604017103
http://dx.doi.org/10.1073/pnas.0604017103
http://dx.doi.org/10.1002/bies.20239
http://dx.doi.org/27029421
http://dx.doi.org/10.1080/21505594.2016.1164367
http://dx.doi.org/10.1128/mBio.00065-11
http://dx.doi.org/10.1038/nrmicro3074
http://dx.doi.org/25385796
http://dx.doi.org/10.1128/IAI.02627-14
http://dx.doi.org/17005725
http://dx.doi.org/10.1073/pnas.0604865103
http://dx.doi.org/19261175
http://dx.doi.org/10.1186/1741-7007-7-11
http://dx.doi.org/20423490
http://dx.doi.org/10.1186/1471-2180-10-129
http://dx.doi.org/19525273
http://dx.doi.org/10.1128/AEM.00966-09
http://dx.doi.org/10.1111/j.1462-2920.2009.01980.x
http://dx.doi.org/10.1111/j.1462-2920.2009.01980.x
http://dx.doi.org/10.1016/j.jip.2009.12.008
http://dx.doi.org/10.1016/j.jip.2014.04.003
http://dx.doi.org/10.1073/pnas.1521741113
http://dx.doi.org/10.1073/pnas.1521741113

	Disclosure of potential conflicts of interest
	References

