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ABSTRACT
Microevolutionary mechanisms of resistance to a bacterial pathogen were explored in a population of the
Greater wax moth, Galleria mellonella, selected for an 8.8-fold increased resistance against the
entomopathogenic bacterium Bacillus thuringiensis (Bt) compared with a non-selected (suspectible) line.
Defense strategies of the resistant and susceptible insect lines were compared to uncover mechanisms
underpinning resistance, and the possible cost of those survival strategies. In the uninfected state,
resistant insects exhibited enhanced basal expression of genes related to regeneration and amelioration
of Bt toxin activity in the midgut. In addition, these insects also exhibited elevated activity of genes linked
to inflammation/stress management and immune defense in the fat body. Following oral infection with
Bt, the expression of these genes was further elevated in the fat body and midgut of both lines and to a
greater extent some of them in resistant line than the susceptible line. This gene expression analysis
reveals a pattern of resistance mechanisms targeted to sites damaged by Bt with the insect placing
greater emphasis on tissue repair as revealed by elevated expression of these genes in both the fat body
and midgut epithelium. Unlike the susceptible insects, Bt infection significantly reduced the diversity and
richness (abundance) of the gut microbiota in the resistant insects. These observations suggest that the
resistant line not only has a more intact midgut but is secreting antimicrobial factors into the gut lumen
which not only mitigate Bt activity but also affects the viability of other gut bacteria. Remarkably the
resistant line employs multifactorial adaptations for resistance to Bt without any detected negative trade
off since the insects exhibited higher fecundity.

KEYWORDS
Bt; experimental evolution;
immune response; insect;
microevolution; resistance

Introduction

Both the pathogen and insect host are participants in a
highly dynamic co-evolutionary arms race where the
insect’s defenses are continuously evolving to keep pace
with the corresponding infection adaptations of the
pathogen. The selective pressures driving these processes
are strong and often require some form of trade off. For
example, resistant and susceptible insects may differ in
their color, development time and fecundity.1,2

Bacillus thuringiensis (Bt) is a widespread Gram positive
bacterium that has been developed as a biopesticide to con-
trol insect pests attacking crops as well as disease vectors
such as mosquitoes.3 Bt must be ingested in order to infect

and kill its host. Bt virulence factors include enterotoxins,
hemolysins, phospholipases and metalloproteases, which are
transcribed in the vegetative cells and play an important role
in the infection process.4 These factors are activated by the
quorum-sensing system PlcR-PapR.5 The insecticidal activity
of Bt is primarily due to proteinaceous crystal endotoxins
(Cry), which are produced during sporulation and activated
by the host’s gut fluids.6 Cry toxins can act alone (as seen in
genetically modified plants) but spores can also contribute to
virulence.7 The binding of toxins to receptors in the midgut
epithelial cell membrane either creates pores that subse-
quently lead to cell lysis, or they activate intracellular signal-
ing pathways that result in cell death by oncosis.8,9
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There are increasing reports of resistance in insect popu-
lations to Bt; this is particularly evident with crops geneti-
cally modified with the Cry toxin genes.10,11 The
mechanisms of resistance to Bt endotoxins has been studied
extensively and appears to be multifaceted.6 Even in those
cases that seem to fit a monogenic model, resistance is rarely
completely recessive, suggesting that resistant phenotypes
contain major andminor genes contributing to overall resis-
tance.12 This fact is particularly relevant where virulence fac-
tors such as the bacterial spore play a vital role in the overall
toxicity of Bt -based insecticides in which case development
of resistance is likely to be multigenic. Indeed, disparate
mechanisms for resistance to Bt have been reported. The
most commonly reported mechanism involves reduced
binding of the toxins through the alteration or loss of mid-
gut toxin-binding proteins.13-15 Other insect resistance
mechanisms include sequestration of the toxin by lipo-
phorin,16,17 esterases18 or alkaline phosphatase,19 absence of
enzymes or environment to activate pro-toxin,20 and
increased stem cell production in the gut to replace dam-
aged epithelial cells.21 The insect gut biota can also influence
Bt efficacy either by degrading the toxin or initiating septi-
caemia.22,23 Resistance to Bt is also linked to the host’s
immune response, but the role of the different defense com-
ponents is often inconclusive, contradictory or variable. For
example, some researchers report a correlation between
phenoloxidase (PO) activity and Bt efficacy,24 whereas
others noted no differences between Bt-resistant and Bt-sus-
ceptible insects.25 Futhermore, no differences were noted for
haemocyte populations and nitric oxide levels.26 Bt medi-
ated suppression of key immune components will increase
the host’s susceptibility to Bt infections and exacerbate sec-
ondary infections by opportunistic pathogens.27-30

This paper focuses on an artificial selection experi-
ment designed to explore the evolution of resistance of
Greater wax moth Galleria mellonella to natural peroral
infections by Bt. The goal was to identify traits in the
selected insects that could account for their increased
resistance when challenged with a Bt spore-crystal mix-
ture, and to assess any corresponding “trade-offs.” Since
Bt resistance is multifaceted, the current study examined
specific parameters: humoral immunity, stress manage-
ment, resource re-allocation and changes to the gut
microbiome in selected and non-selected lines.

Results

Selection with B. thuringiensis leads to enhanced
resistance of wax moth

Wax moth, G. mellonella, were selected for resistance to
B. thuringiensis over 20 generations, but the first indica-
tion of increased resistance to Bt was observed after 5

generations when larval survival was significantly higher
(p < 0.05) for the selected resistant (R) line than for the
non-selected susceptible (S) control line (Fig. 1). By the
20th generation resistance was observed at 3 different Bt
concentrations tested, and was most striking at the high-
est dose where mortality was <40% for the R line fourth
instar larvae compared with 100% for the S line fourth
instar larvae (Fig. 2). At the 20th generation, the resis-
tance ratio (RR) to Bt of R line larvae relative to the S
line was 8.8. In a separate study using a cohort of 18th

generation R line insects, no reversal of resistance was
observed in 3 successive generations reared on a Bt-free
diet (Fig. 3).

High basal (uninfected) expression of immunity/
stress-related genes in resistant insects

The expression of 15 immunity, stress and inflammatory
management genes, inducible metalloproteases inhibitor
(IMPI) and 2 growth factor genes was measured in the
midgut and fat body of uninfected control insects of the
20th generation R and S lines. Several important trends
were observed. The most notable differences in gene
expression between the R and S lines arose in the midgut.
Expression of IMPI, and the growth factors Contig 703
and Contig 233 was significantly higher in the midgut of
R larvae compared with S larvae (13 (p < 0.05), 23
(p < 0.05) and 489 (p < 0.001) fold higher, respectively)
(Fig. 1A). Also notable was the comparatively lower
expression of HSP90 in the midgut of the R line com-
pared with the S line larvae (Fig. 2A). Relative to the S
line, the basal expression of most of the other immune,
inflammatory and stress management genes in R larvae
was slightly higher in the midgut of R line larvae (2-fold
change) (Fig. 1A, Table S1). When the genes in fat body
of R line insects are examined as functional clusters there
is a trend toward increased expression of AMPs, IMPI,
stress and inflammation management genes compared
with the S larvae (3-6-fold change) (Fig. 1B, Table S1).
Furthermore, in comparing the midgut with the fat
body, the R line expression of growth factors was signifi-
cantly higher (p< 0.01) but AMPs / immunity and stress
management significantly lower (p < 0.05) (SI Fig. 4).

Enhanced expression of immunity/stress-related
genes in infected resistant insects

Tissue-specific differences in gene expression were noted
for both the R and S lines following infection (Fig. 1).
Whereas expression of most genes increased relative to
basal expression, particularly in the fat body, others
appeared unchanged and a few were downregulated
(Fig. 1). Genes coding for growth factors, ROS and

VIRULENCE 861



inflammation management, which were already highly
expressed in the fat body of uninfected R insects, were
further elevated following infection with Bt (10–80 fold
p < 0.05 and 5–100 fold p < 0.01, respectively; Fig. 1B;

Fig. 5). Although Bt infection stimulates upregulation of
immune genes in both lines (Fig. 5), the critical differ-
ence separating these lines is that immune gene expres-
sion is of a higher magnitude in the R line before

Figure 1. Basal (uninfected) and Bt induced (48 pi) expression of defense genes in the midgut (A) and fat body (B) of G. mellonella lar-
vae. Expression of antimicrobial peptide genes and other immunity /stress-management genes in the fat body and midgut of resistant
(R) and susceptible (S) fourth instar larvae. Expression was assessed under basal (uninfected) conditions and Bt-treated (infected) condi-
tions 48 h post-infection. The y-axis represents basal expression in uninfected/infected R larvae as a fold change relative to S unin-
fected/infected larvae. Na D not assayed in midgut tissue; D �p < 0.05; D ��p < 0.01; D ���p < 0.001 significant change in fold
expression compared with S larvae; #-p < 0.05, ## D p < 0.01 show significant changes in expression of genes grouped in functional
clusters in R vs S insects under Bt infection compared with uninfected R vs S. Data presented as mean §SE and analyzed by one-way
ANOVA (Kruskall-Wallis with Dunn’s post test). Tables (cluster analysis) present trends in expression of defense genes grouped in clusters
(arrow indicates significant upregulation, fold change cutoff �2 .0). Additional information is presented in Table S1.
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infection and for the majority after infection (Fig. 1); this
mirrors the pattern of expression observed for all other
genes examined (Fig. 1, Fig. 5). Susceptible insects do
show an increase in expression of growth factor genes
(particularly Contig 233; 364 fold following infection;
Fig. 5), but this is overshadowed by the significantly
higher expression in the R insects, which even under
basal conditions was 489 fold higher than the S insects
(Fig. 1A). Similarly, infection triggered increased expres-
sion of IMPI in the midgut of both R and S lines (10 and
70 fold, respectively) but basal (uninfected) expression
was higher in R larvae (Fig. 1A, Fig. 5).

Lysozyme activity in midgut elevated under Bt
treatment in R and S lines

Lysozyme activity was elevated 1.5 times in the midgut of
infected R (p < 0.05) and S (p < 0.01) lines compared
with uninfected larvae from the same lines 48 hrs post
infection (Fig. 2), however, there was no statistical differ-
ence in the level of activity of R and S line insects in
either the basal or infected state (Fig. 2).

Alkaline phosphatase (ALP) and aminopeptidase N
(AMN) activity is lower in Bt resistant lines

ALP and AMN activity in the brush border membrane of
uninfected R line insects were ca. 82% and 31% lower
than those of the S larvae, respectively (p< 0.001, Fig. 3).

Midgut bacterial community changes following Bt
infection

Taxonomic classification based on 16 S rRNA gene
sequencing of bacteria in the midgut of S and R line
larvae revealed that bacterial communities were domi-
nated by only a few phyla, with over 99.5% of the
community being represented by 4 phyla (average rel-
ative abundance values averaged across all uninfected
larvae): Firmicutes (80.7 § 6.3%), Proteobacteria
(11.8 § 4.5%), Actinobacteria (3.9 § 1.6) and Bacter-
oidetes (3.1 § 1.1) (Fig. 4A).

Infection of both lines with Bt led to a shift in domi-
nance from the Firmicutes (80.7 § 6.3%) to the Proteo-
bacteria (86.3 § 2.6%) (p < 0.001) (Fig. 4A, 4B).
Uninfected R line had significantly more Enterobacter
than the S larvae, however, upon infection with Bt the
levels were both much elevated but to the same degree
(SI, Fig. 6). Pseudomonas was present at similar but low
levels in uninfected R and S larvae, but Bt infection
resulted in opposite effects on the 2 lines. In the case of
the R line no Pseudomonas was detected, while there
was an increase in the S line relative to the uninfected

Figure 2. Lysozyme activity in infected and uninfected R and S
line larvae. Lysozyme-like activity in midgut of fourth instar larvae
from both susceptible and resistant wax moth lines 48 h follow-
ing ingestion with Bt (data presented as mean C/¡SEM;
�P < 0.05, ��P < 0.01, compared with uninfected larvae from the
same line).

Figure 3. Midgut receptors of uninfected R and S line larvae Ami-
nopeptidase-N (AMN) (A) and alkaline phosphatase (ALP) (B)
activity in the midgut of fourth instar uninfected larvae from
both the susceptible and resistant lines (��� p < 0.001
compared with susceptible).
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insects (p < 0.05, Fig. 6). Phenomena common to
both lines were the disappearance of several genera
(e.g. Micrococcineae) post-infection and a huge shift in
dominance from Enterococcus (Gram Cve) in unin-
fected to Enterobacter (Gram ¡ve) in infected insects
(Fig. 4; Fig. 6). No Bacillaceae were detected in unin-
fected R and S lines but small amounts (2–3%) were
detected post-infection (Fig. 6). Most striking was the
significant reduction in richness and diversity of bacte-
rial communities in the midgut of the infected R line,
because such changes were not observed in the S line
(Fig. 5). In the infected R line, there was a significant

Figure 4. Gut biota profiles in Bt infected and uninfected R and
S line larvae. Profile of the bacterial community in midguts
from fourth instar larvae from both resistant and susceptible
lines on the second day post Bt infection. Values are averaged
across 4 independent control (uninfected) and 4 infected sam-
ples of each line. (A) Bacteria classified by phylum and
(B) Comparison of community, classified by class, from infected
and uninfected R and S line larvae (p < 0.01,
p < 0.001 compared with infected insects from the corre-
sponding line).

Figure 5. Richness and diversity of bacterial communities in
infected and uninfected R and S lines (A) Chao community quan-
titative index reflecting richness (i.e. different bacterial phylo-
types) in a dataset. (B) Shannon index reflecting diversity of
bacterial communities for resistant and susceptible lines follow-
ing infection with Bt (��p < 0.01, compared with other variants;
�p < 0.05 compared with same non-infected line). This index
quantifies how evenly the basic entities (such as phylotypes) are
distributed. To prevent bias due to sampling depth, all samples
were first rarefied (randomly standardized) to 3 700 sequences
per sample.
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(p < 0.01) depletion of the community quantitative
index (richness) i.e. there was a decrease in the number
of detectable bacterial phylotypes (Fig. 5A). Similarly,
the Shannon (diversity) index revealed a significant
decline in abundance and species evenness of each phy-
lotype in the infected R line (p < 0.05, Fig. 5B).

Life history traits of R and S line insects

There was no difference in survival rate between unin-
fected R and S insects. Interestingly, uninfected R line
insects had significantly greater pupal biomass for both
males (15%) and females (18%) compared with S line
insects (both p < 0.05) (Fig. 6A). Adult fecundity
was also significantly enhanced (up to 25%) with the

average R moth laying more eggs than the S counterpart
(p < 0.001) (Fig. 6B).

Discussion

This study shows that laboratory populations of wax
moth larvae developed resistance to Bt in a relatively
short time, and that this was retained even after removal
of the selective pressure. The resistant (R) line imple-
mented several complementary strategies, maintained
even in the uninfected state, but which could be further
activated upon infection. These included cellular repair,
antimicrobial activity, limiting Cry toxin and toxin
receptor sites, mitigating inflammation and stress.
Besides midgut repair and reduced receptor sites, which
are well known mechanisms, this study is the first to
implicate the possible role of antimicrobial peptides
(AMPs) and inflammation/stress management in evolu-
tion of resistance to Bt, and to demonstrate the impor-
tance of their elevated, constitutive activity. In addition,
it reports an unusual positive trade-off resulting in
increased fecundity of R line insects.

It can be hypothesized that elevated basal expression
of defense and repair genes enables the R line to pre-
empt infection or rapidly mitigate the damage caused by
Bt. This rarely reported phenomenon was also described
as a strategy for resistance to entomopathogenic fungi in
melanic wax moth larvae.31,32 It appears that insects
resistant to pathogens also adapt their response accord-
ing to the pathogen’s route of entry. Thus, the focal point
of fungus-resistant melanic wax moth larvae is the integ-
ument31 whereas in the current study, the foci are the
gut and fat body. It is likely that resistant insects balance
energy allocation between the midgut and fat body
defenses. Activity in the midgut appears to be directed
toward repair and limiting toxin damage, while addi-
tional support is provided by the fat body in secreting
AMPs that could combat microbial breaches of the mid-
gut barrier, thereby preventing septicaemia. Elevated
expression of AMPs was also observed in Spodoptera exi-
gua larvae in response to Bt Cry and Vip toxins, how-
ever, the study was limited to local midgut responses in a
susceptible line.33 In the current study, it is unclear if the
fat body is responding to signals generated by and trans-
mitted by the injured midgut and/or direct exposure to
bacteria that subsequently breach the gut barrier. Sys-
temic immune responses are well documented in other
insects following exposure to ingested bacteria or topical
infections by fungal pathogens.34 The present study
shows that not only is the R line much more responsive
than the S line but its expression profile, especially that
of AMPs, is different and deserves further investigation.

Figure 6. Increased fecundity: a positive trade-off in wax moth
resistant to Bt Life-history traits in uninfected susceptible and
resistant lines of 20th generation wax moth. (A) Pupal weights
and (B) adult fecundity as measured by mean egg production
over 5 d per female (�p < 0.05, ��� p < 0.001 compared with
susceptible line).
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Moreover, it also highlights the importance of the contri-
bution of midgut immunity to larval resistance to Bt.
Lysozyme was induced by both R and S lines and appears
to be a generic response in most insects to injury, infec-
tion or stress.35 Lysozyme is, therefore, not a reliable
indicator of insect resistance to Bt.

Central to Bt pathogenicity is activation of Cry pro-
teins, of which the earliest stages are mediated by the
host proteases and bacterial metalloproteases.36 Here the
R larvae had enhanced basal expression of an inducible
metalloprotease inhibitor (IMPI), with its expression
increasing during Bt infection in both R and S larvae.
Thus, R line insects would be in the position to limit pro-
teolysis of the protoxins to active Cry toxins and subse-
quent damage to the midgut, whereas the S line would
first have to synthesize IMPI and this delay could pro-
foundly influence their survival. Moreover, IMPI could
inactivate the Bt zinc immune inhibitor metalloproteases
(e.g., InhA), which are known to digest the hosts
AMPs.37 Elevated IMPI is complemented in the R line
by reduced Cry toxin binding receptors (alkaline phos-
phatase and aminopeptidase N) and strong inflamma-
tion and repair responses. Together these activities could
contribute to damage limitation by Bt toxins.

Bt toxins can disrupt the redox-regeneration balance
in insects.38 In the current study, the patterns of gene
expression suggest that R line insects have the capacity
to ameliorate oxidative/inflammation damage caused by
later stages of Bt infection i.e., invasion of the gut epithe-
lium. Consequently, the greatest upregulation of oxida-
tive/inflammation genes is in post infection R line
insects. In contrast, S line insects are incapable of mount-
ing a similar response. Although differences were
observed in the expression of stress management genes
in R and S lines, suggesting a role for these genes in resis-
tance, it was unclear exactly how they mitigated Bt dam-
age. Interestingly, the constitutive expression of growth
factor genes was higher in R than S lines but elevated
upon infection with Bt, which corroborates the findings
of others that repair of the midgut epithelium was one of
the mechanisms insects resisted Bt.21,39

The gut of the infected R line appears to offer a hostile
environment to microbes as reflected in the Shannon
index, which is an indicator of richness and diversity.
This would have significant benefit by reducing the risk
of secondary infections and septicaemia. The latter is
one mechanism by which Bt successfully kill and colo-
nise their hosts.4,40,41 The exact mechanisms altering the
gut environment have not been identified but may
include changes in pH, secretion of AMPs into the gut
lumen, and removal of antagonistic microbes. There are
minor fluctuations in the representation of certain bacte-
rial groups which are specific for the R line e.g. complete

loss of Pseudomonas in Bt infected R insects. The patho-
logical significance of these changes is hard to determine
without further investigation of the role of the specific
bacteria involved.

A striking feature of the R line was their larger pupal
mass and higher fecundity than the S line. This positive
trade-off is a rare and unusual phenomenon since most
micro-evolutionary trade-offs are negative, such as small
size and reduced fecundity, which compensate for bene-
ficial traits such as increased resistance to pathogens or
insecticides.25,31,42 The success of the R line may partly
be linked to contig 233, a growth-blocking peptide, that
not only controls cell proliferation and blocks juvenile
hormone (JH) esterase activity,18 but may also elevate
immune responses.43 Thus, contig 233 would not only
prevent the onset of metamorphosis from larva to pupa
but also influence body size. Contig 233 has high consti-
tutive expression in the R line relative to the S line but
after infection expression is highly elevated in the fat
body, which presumably allows the insect to retain juve-
nility until it has attained sufficient body mass or
reserves to progress to the next development stage.

Materials and methods

Insects

For artificial selection we used insects from a laboratory
population of the Greater wax moth, Galleria mellonella,
from the Institute of Systematics and Ecology of Animals
(ISEA), Siberian Branch Russian Academy of Sciences.
The starting population was separated into 2 lines the
first was exposed to B. thuringiensis (Bt), and selected for
increased resistance to the pathogen (R line) while the
second consisted of the untreated susceptible control (S
line). The 20th generation R and S insects were com-
pared to elucidate the resistance mechanism(s) to Bt.
Also a group of 400 larvae from the 18th generation R
line was reared over 3 generations without Bt (non-
selected, NS line) to determine if resistance was revers-
ible. The resistance ratio was calculated based on the
LC50 of R and S lines. Fourth instar larvae have been
used in all experiments. Full details of insect rearing and
selection are provided in the Supplementary Information
Experimental Procedures.

Bacterial infection

The insect pathogen, Bacillus thuringiensis ssp. galleria,
H-serotype V, strain 69–6 was provided by the ISEA bac-
terial collection. Insects from the 20th generation were Bt
na€ıve until initiation of the experiments whereupon the
susceptibility of R and S lines to Bt was determined by
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natural peroral application of a spore-crystal mixture. To
quantify the differential susceptibility of the R and S
lines, a cohort of fourth instar larvae were starved for 2 h
before being exposed to different doses of Bt. The R and
S larvae received predetermined sub-lethal, half-lethal,
and lethal doses corresponding to 5 £ 108, 1 £ 109 and
5£109 per ml which result in 15%, 50% and 100% mor-
tality of S larvae within 5 days, respectively. To deter-
mine the resistance ratio (RR) of 20th generation S and
R line larvae, the LC50 of R line was divided by the LC50
of the S line. In a parallel study, infected fourth instar
insects from both lines were collected 48 h post-exposure
to Bt to: (1) determine the bacterial content of the mid-
gut (n D 20 larvae per treatment), (2) quantify genes
expression in the midgut and fat body (n D 9 larvae per
treatment) and (3) determine haemolymph lysozyme
activity (n D 40 larvae per treatment) in control and
half-lethal treatments. Experiments were carried out in
triplicate. Full details of bacterial culture and inoculation
methods are provided in the supplemental material
online.

QRT-PCR analysis of insect immunity-related gene
expression

To identify resistance factors, a comparison was made in
the R and S larvae of the expression of genes operational
under basal conditions (uninfected) and during Bt infec-
tion in both fat body and midgut samples. Eighteen
genes previously detected as part of immune response,
repair, regeneration and stress regulation in wax moth
were investigated.31,32 These were the genes coding for
the antimicrobial peptides gallerimycin, galiomicin, glo-
verin, cecropin D and 6-tox, the siderophore transferrin,
the insect metalloproteinase inhibitor (IMPI), 3 coding
for heat-shock proteins (HSP-90, contig 21310 and
1489) whose activities ameliorate stress,44,45 4 coding for
enzymes dealing with oxidative stress (Contigs 17373,
14880, 20582 and 15362), and 2 involved with cell prolif-
eration (Contigs 704 and 233). Gene expression was
measured by real-time quantitative RT-PCR using nor-
malized cDNA samples with the Rotor-Gene 6000 (Cor-
bett Research), with Rotor-Gene SYBR Green PCR mix
(Qiagen), relative to 2 reference genes, 18 S rRNA
(AF286298) and Elongation Factor 1-a (EF1; AF423811).
Full details are provided in Table S2.

Midgut lysozyme-like activity

Antibacterial activity in midgut was determined by a
zone-of-clearance assay using freeze-dried Micrococcus
lysodeikticus as a substrate suspended in agarose. The
radius of the digested zone was compared with a

standard curve made with egg white lysozyme (EWL)
and expressed as an EWL equivalent per mg of protein
in the samples.46 The experiment was repeated indepen-
dently 3 times. Full details are provided in the Supple-
mentary Information Experimental Procedures.

Quantification of alkaline phosphatase (ALP) and
aminopeptidase-N (APN) activities

Brush border membrane vesicles (BBMV) were prepared
by Mg2C precipitation. Specific alkaline phosphatase
(ALP) and N-aminopeptidase (APN) enzymatic activities
of BBMV proteins were measured using p-nitrophenyl
phosphate disodium (pNPP) and leucine-p-nitroanilide
(Sigma, St. Louis, MO, USA) respectively. One enzymatic
unit was defined as the amount of enzyme that would
hydrolyze 1.0 mmole of substrate to chromogenic product
per min per mg of protein at the specific reaction pH and
temperature. Sixty larvae were examined for each enzyme
per insect line. Midguts from 3 insects were pooled in
one sample. Data are presented as the mean specific
activities from 20 independent BBMV samples. The
experiment was repeated independently 3 times. Full
details are provided in the Supplementary Information
Experimental Procedures.

16 S rRNA bacterial diversity analysis

The bacterial community in the midgut of Bt infected (48
hrs post exposure) and uninfected R and S larvae was
analyzed by 16 S pyrosequencing with a MiSeq Illumina
sequencer. Midguts with intact contents were frozen in
liquid nitrogen before being homogenized using a pestle
and mortar. DNA was extracted from midguts using the
MoBIO PowerSoil-htp 96 Well DNA Isolation kit (Carls-
bad, California). Each sample was amplified with bacte-
rial 16 S rRNA gene primers that amplify the V3-V4
region. The experiment was repeated independently
4 times. The mean number of analyzed sequences for
each variant was 10701 sequences (min 3730, max
24303) for the non-infected S line, 21027 sequences (min
9047, max 48050) for the S line infected with Bt, 12670
sequences (min 4267, max 33005) for the non-infected R
line, and 16902 sequences (min 8508, max 29322) for the
R line infected with Bt. Profile of the bacterial commu-
nity and comparison were made with CloVR-16 S ver-
sion 1.0 package.47

Additional processing of sequence data was per-
formed using the “Rarefied” datasets (with equivalent
sampling depths) generated in QIIME by randomly sub-
sampling 3700 (high quality, chimera-free) sequences
from each sample. The Shannon diversity index and
Chao1 richness estimates were calculated for “Rarefied”

VIRULENCE 867



data sets with CLoVR. Diversity metrics computed for
OTUs for each sample. Full details are provided in the
supplemental material online.

Life history traits

The following life history traits were monitored in the
20th generation uninfected R and S insects: survival
rate of insects over a period of whole ontogenesis
(300 individuals per line), pupal weight (200 individu-
als per line) and adult fecundity (mean fertile egg
production over 5 d per female) with 30 pairs per
line. Full details are provided in the supplemental
material online.

Data analyses

Data was analyzed using GraphPad Prism v4.0
(GraphPad Software Inc., USA) and Statistic v6.0
(StatSoft Inc., USA). Data were checked for normal
(Gaussian) distribution using the Agostino-Pearson
omnibus test, and if abnormally distributed a more
conservative non-parametric analysis was applied. In
Q-RT-PCR data with a Gaussian distribution, Grubbs’
extreme studentized deviate (ESD) test was used to
exclude extreme outliers. In order to assess overall
trends associated with selection for Bt resistance in
basal and induced gene expression, the data from 3
independently repeated experiments were pooled for
different gene clusters: immunity / AMPs (Gallerimy-
cin, Galiomycin, Gloverin, Cecropin-D, 6-tox, Contig
19932, Transferrin, 2 GM Contig 20004), IMPI,
growth factors (Contig 233, Contig 704), ROS /
inflammatory management (Contig 17373, Contig
14880, Contig 20582, Contig 15362), and stress man-
agement (6 GM Contig, 7 GM Contig, HSP 90). Indi-
vidual, clustered gene and bacterial diversity (Chao
and Shannon) comparisons were made with t-test
and non-parametric one-way ANOVA (Kruskall-
Wallis with Dunn’s post test) respectively. Cox’s pro-
portional hazards survival regression was used to
quantify differences in mortality rates after bacterial
infections between R and S larvae. No mortality was
recorded for uninfected control larvae in dose mortal-
ity studies, therefore, it was unnecessary to compare
R and S controls. One-way ANOVA (with Tukey’s
post test) was used to assess differences between lyso-
zyme responses, and life history traits in R and S
insects. Differences between R and S larvae, or
between treated and control samples, were considered
significant when P < 0.05. DNA sequence data from
gut bacterial communities (profiles of the microbiota)
were analyzed using CLoVR (metastats).47
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