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Abstract 

Background The biological larvicide Bacillus thuringiensis subsp. israelensis (Bti) represents a safe and effective 
alternative to chemical insecticides for mosquito control. Efficient control of mosquitoes implicates continuous 
and extensive application of Bti. This massive use of Bti imposes strong selective pressure, but the complex mode 
of action of the numerous synergistic Bti endotoxins lower the risk of the emergence of resistance. Although resist-
ance to Bti has not been identified at the population level in nature, some larvae can survive Bti exposure, suggesting 
tolerance mechanisms. Here we investigated whether Bti-tolerant Aedes albopictus larvae experience any fitness costs. 
We also studied how this tolerance affects different aspects of the phenotype of the emerging adults that could be 
relevant for arboviral transmission.

Methods We exposed Ae. albopictus larvae to lethal concentration of Bti and studied the fitness and gut microbiota 
of tolerant larvae and their adult counterparts. We further compared the transcript abundance of nine key immunity 
genes in the gut of Bti-tolerant larvae and their emerging adults versus those not exposed to Bti.

Results Our results showed that Bti exposure has multifaceted impacts on Ae. albopictus mosquitoes during both lar-
val and adult stages. The carry-over effect of Bti exposure on tolerant larvae manifested in reduced adult emergence 
rate, shorter lifespan, and decreased fecundity. Bti also alters the gut microbiota of both larvae and adults. We 
observed higher microbial diversity in Bti-tolerant larvae and changes in the richness of core microbiota. Bti infection 
and the altered microbiota triggered immune responses in the larval and adult guts.

Conclusions The observed reduction in mosquito fitness and changes in the composition of the microbiota of adults 
emerging from tolerant larvae could negatively influence mosquito vectorial capacity. Understanding these impacts 
is crucial for evaluating the broader implications of Bti-based insecticides in mosquito control programs.
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Background
Vector-borne diseases constitute a significant global 
health burden resulting in more than 700,000 deaths 
annually [1]. Dengue (DEN), chikungunya (CHIK), and 
Zika (ZIK) viruses are particularly significant patho-
gens that have experienced notable increases both in 

prevalence and geographic distributions over the past 
50 years [2]. Transmission to humans of these arbo-
viruses is primarily mediated by Aedes aegypti and 
Aedes albopictus mosquitoes [3] . Given that vaccines 
and therapeutic drugs are unavailable or limited to 
few arboviruses, vector control remains the primary 
approach for mitigating disease transmission [4]. The 
use of larvicides to suppress vector populations is an 
important strategy, which can be carried out using 
environmentally safe products derived from Bacillus 
thuringiensis subsp. israelensis (Bti) [5, 6]. The larvi-
cidal activity of Bti is mainly attributed to parasporal 
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crystals produced during the stationary phase of the 
bacterial growth. Parasporal crystals contain four major 
protoxins, Cry11Aa, Cry4Aa, Cry4Ba, and Cyt1Aa, 
which are highly toxic to dipteran larvae [7].

Bti crystals act by ingestion. Crystals are solubi-
lized in the alkaline environment of the midgut and 
processed into protoxins by larval midgut proteases. 
Activated toxins interact with midgut receptors, oli-
gomerize, and insert into the membrane of midgut 
epithelial cells, leading to pore formation, cell osmotic 
lysis, and insect death [8–10]. Moreover, disruption 
of the midgut epithelium allows the gut microbiota to 
invade the hemocoel, which is a favorable environment 
for germination, resulting in septicemia and insect 
death [11].

The gut microbiota is a dynamic community [12] that 
can interact with B.  thuringiensis (Bt) during the infec-
tion process [13]. The gut microbiota can affect Bt toxic-
ity either by inhibiting its growth and degrading its toxins 
or by enhancing Bt pathogenicity [14–16]. In return, Bt 
infection can influence gut bacterial growth, resulting in 
an alteration of the composition of the gut microbiota 
[17, 18]. At the same time, modification of the gut micro-
biota and/or Bti itself can elicit host immunity, which 
may impact progression of Bt infection and influence 
host susceptibility to Bti [15, 19].

Continuous and extensive application of Bti is required 
for efficient control of mosquitoes [20, 21]. This massive 
use of Bti imposes strong selective pressure [22]. How-
ever, the complex mode of action of the numerous syner-
gistic endotoxins of Bti reduces the risk of emergence of 
resistance [23, 24]. Indeed, field studies consistently dem-
onstrate the absence of resistance to Bti crystal [25–27], 
while resistance to individual toxins has been reported 
through laboratory selection procedures [28–30]. 
Although resistance to commercial Bti formulations has 
not been detected at the population level, some larvae 
can survive application of lethal doses of Bti and are thus 
considered tolerant. Whether Bti tolerant larvae suffer 
fitness costs at the adult stage, which could impact their 
vectorial capacity, is still not known. Neither the effect of 
a lethal concentration of Bti on the microbiota of toler-
ant larvae and the resulting adults has been investigated. 
Here we addressed these knowledge gaps by studying the 
long-term impact of Bti on the fitness and gut microbiota 
of tolerant larvae and their adult counterparts. We fur-
ther compared the expression of nine selected immunity 
genes in the gut of Bti-tolerant versus larvae not exposed 
to Bti. Our results show that exposure to a lethal concen-
tration of Bti during larval development alters gut micro-
biota composition in both larvae and adults, induces 
immune responses, and has carry-over effects on the fit-
ness of adults derived from tolerant larvae.

Methods
Mosquito strain
We used three Ae.  albopictus laboratory populations, 
namely Foshan (Fo), Tapachula (Tap), and Crema (Cr). 
Foshan is the Ae.  albopictus reference strain, which 
originated in the early 1980s from field-collected eggs 
from the city of Foshan (China). Fo has been maintained 
and reared at the insectary of the University of Pavia 
since 2013, as previously described [31]. Tap and Cr 
were derived from field-collected eggs from Tapachula 
(Mexico) at the end of 2017 and from Crema (Italy) in 
2018, respectively [31, 32]. Since establishment, these 
laboratory populations have been maintained in paral-
lel under standard insectary conditions (28  °C, 12/12  h 
light/dark photoperiod, 70 ± 5% relative humidity). Lar-
vae are reared in BugDorm plastic pans (19 × 19 × 6 cm) 
with controlled density (about 200 larvae in 1 L of water) 
to avoid competition for food resources, which are pro-
vided daily in the form of fish food (Tetra Goldfish Gold 
Color, Tetra Werke, Germany). Adults are maintained in 
insect-rearing cages (BugDorm 45 × 45 × 45 cm) and are 
fed with 0.2  g/ml sucrose on soaked cotton wool. Each 
colony is fed once a week with commercially defibri-
nated mutton blood (Biolife Italiana) for 90 min using a 
Hemotek blood-feeding system (Hemotek Ltd., Accring-
ton, England).

Assessment of larvicidal activity
We used  VectoBac® 12AS as the commercial formulation 
of Bacillus thuringiensis subsp. israelensis (strain AM65-
52, fermentation solid and soluble) to compare the sus-
ceptibility of three Ae. albopictus laboratory populations, 
namely Fo, Tap, and Cr, to Bti infection. VectoBac® 
12AS has a potency of 12,000 international toxin units 
(ITU) per milligram of formulation, which is equivalent 
to 1.3 ×  109 ITU/lr. Dose–response curves were gener-
ated against each of our three target populations, using 
standard laboratory bioassay methods for testing lar-
val susceptibility [33]. For each laboratory population, 
dose–response assessment was based on three replicate 
experiments, each using batches of 120 third instar lar-
vae. Briefly, before Bti application, larvae were starved for 
3 h. Then Bti was applied at decreasing concentrations, 
starting from 6.395 ×  103 ITU/ml and halving each sub-
sequent concentration such as 3.195 ×  103, 1.597 ×  103, 
7.985 ×  102, 3.992 ×  102, 1.995 ×  102, and 9.981 ×  101 (ITU/
ml). The number of dead larvae was counted 16–18  h 
after exposure to determine the lethal concentration 50 
 (LC50) and 80  (LC80), which correspond to the Bti con-
centration at which 50% or 80% of the exposed larvae 
died, respectively. A control consisting of 120 third instar 
larvae that were not exposed to Bti was included to assess 
the baseline larval mortality and ensure the validity of the 
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dose–response assessment. If the mortality rate of the 
control group was above 20%, results were discarded, and 
the experiment was repeated.

Identification of Bti‑tolerant larvae
We used a total of 1800 third instar larvae, in six repli-
cates of 300 larvae each, to identify Bti-tolerant larvae. 
Each replicate was exposed to 500  ml sterilized water 
containing Bti at the concentration of 7.036 ×  10–1 ITU/
ml  (LC80). A total of 16 h after initial exposure, we col-
lected surviving larvae, which were washed three times 
with sterilized water, carefully transferred to a new plas-
tic container filled with sterilized water, and provided 
with finely ground fish food as their diet. These Bti-tol-
erant larvae were maintained under standard laboratory 
conditions to complete their development.

Fitness assessment
Bti-tolerant larvae were raised to adulthood under 
standard insectary conditions, and 7 days post-emer-
gence (DPE), 50 females were transferred to a new cage 
and offered a blood meal for 90  min, after which, fully 
engorged females were placed individually in cups. The 
number of engorged females served as a blood-feeding 
rate; 48 h after the blood meal, we provided water and 
egg papers for oviposition to each cup. We let mosqui-
toes oviposit for 72  h and counted the number of eggs 
laid by each female as a measure of female fecundity. Eggs 
from each female were hatched separately to assess fertil-
ity rates. The percentage of females that did not oviposit 
and those that produced non-fertile eggs were calculated 
as sterility and infertility, respectively. Adult longev-
ity was measured by placing up to seven newly emerged 
mosquitoes of the same sex in each cup. Mosquitoes had 
ad libitum access to a 20% sucrose solution and their sur-
vival was daily monitored. A total number of 224 females 
and 304 males were used for survival analysis.

Fitness traits of the progeny of control and Bti-tolerant 
mosquitoes were assessed in six replicates as described 
elsewhere [34]. Briefly, batches of 100–120 eggs per 
replicate were hatched under standard insectary condi-
tions and reared until adult emergence. In each replicate, 
emerging larvae, pupae, and adults were counted daily to 
assess egg hatchability, pupation rate, and percentage of 
adult emergence. We also measured larval developmen-
tal time (LDT) and pupal developmental time (PDT), the 
latter by counting emerging adults and subtracting LDT 
from the egg-to-adult developmental time. At emer-
gence, adults were sexed and counted to measure sex 
ratio, egg-to-adult viability, and developmental speed for 
each sex [34].

Differences in blood feeding rate, fecundity, fertil-
ity, egg hatching rate, pupation rate, LDT, PDT, adult 

emergence rate, sex ratio, and egg-to-adult viability were 
tested using unpaired Student’s t-tests [35]. We com-
pared mosquito survival using the Kaplan–Meier analysis 
and log-rank (Mantel–Cox) test [36]. Longevity data were 
used to extrapolate the median survival time and the haz-
ard ratio, using the Mantel–Haenszel method [37].

DNA extraction
We collected a total of 16 fourth instar larvae and 16 
female adults that had survived Bti exposure, along with 
an equal number of control larvae and females that had 
not been exposed to Bti. Adult females were sampled 5 
DPE between 10 am and 12 pm to avoid any bias related 
to the photoperiod. Before collection, individuals were 
surface sterilized by rinsing in a 2% sodium hypochlo-
rite solution for 10 min, followed by surface disinfection 
for 5 min with 1 × phosphate buffered saline (PBS) solu-
tion and 70% ethanol for 2 min, and then washed twice 
with sterile water. Subsequently, the gut was dissected 
from larvae and adult females and DNA was extracted 
from single individuals. We used the Wizard® Genomic 
DNA Purification Kit (Promega) following manufac-
turer’s instructions for DNA extraction. DNA was resus-
pended in 20  μl of preheated DNase-free water and its 
concentration was determined using Nanodrop ND-1000 
(Thermofisher).

16S metagenomic sequencing and analysis
DNA extracted from the guts of larvae and adults was 
shipped to Macrogen, Inc. for Illumina MiSeq 16S library 
preparation and sequencing. Libraries were generated 
following the standard Illumina protocol targeting the 
V3-V4 region of the 16S rRNA gene using primers 341F 
(5’-CCT ACG GGNGGC WGC AG-3’) and 805R (5’-GAC 
TAC HVGGG TAT CTA ATC C-3’). The libraries were 
sequenced on the MiSeq Illumina platform, resulting 
in 300  bp paired-end reads. Data analysis was carried 
out with the nf-core/ampliseq pipeline (version 2.5.0) 
deployed within Docker [38–40]. The pipeline includes 
a comprehensive workflow for the analysis of amplicon 
sequencing and the taxonomic assignment of 16S rRNA 
sequencing data. Briefly, we performed quality control 
of raw reads with FastQC [41]. We used Cutadapt [42] 
to trim forward and reverse reads on the basis of base 
quality assessment at 280  bp and 200  bp, respectively. 
We identified rRNA sequences with Barrnap [43] and 
used DADA2 for inference of amplicon sequence vari-
ants (ASVs) and filtering. ASVs were identified and clas-
sified by DADA2 [44] on the basis of the SILVA SSU 
non-redundant database (release 138) [45], retaining only 
sequences with a minimum frequency of 10 across all 
samples.
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ASVs assigned to Wolbachia were included to test dif-
ferential abundance between groups, but excluded for 
diversity analyses due to their preponderance in adult 
samples as previously done [32, 46]. The exclusion 
of Wolbachia resulted in unequal sequencing depths 
between adults and larvae samples; to account for this 
discrepancy, we performed rarefaction [47]. We used the 
nf-core ampliseq pipeline to perform random subsam-
pling of reads in each sample, ten times for each sequenc-
ing depth, and generated rarefaction curves (Additional 
file 1: Fig. S1). We chose a rarefaction depth on the basis 
of the results of the rarefaction curves. As shown in Fig. 
S1, after excluding Wolbachia, 4000 sequences repre-
sent an exhaustive threshold for capturing the maxi-
mum observed features (i.e., OUTs) in each adult sample 
without losing bacterial diversity. As such, this depth 
was selected as the threshold and samples with less than 
4000 sequences were discarded from diversity analysis. 
After setting the rarefaction depth threshold to 4000 
sequences, we used QIIME2 [48] to calculate the absolute 
and relative abundance of ASVs within each sample and 
to determine the microbial community.

Microbial diversity was described in terms of alpha 
diversity, measured as the Shannon diversity index, which 
accounts for both the richness and evenness of species 
within a single sample, and beta diversity, evaluated using 
the Bray–Curtis index, which measures the differences 
in species composition and abundance between different 
samples [49]. Statistical differences in the overall alpha 
diversity between Bti-tolerant versus control larvae, 
adults emerging from Bti-tolerant larvae versus control 
adults, Bti-tolerant larvae versus their emerging adults, 
and larval versus adult controls were evaluated using the 
Kruskal–Wallis pairwise test. Statistical significance of 
comparisons of beta diversity among groups was assessed 
using the PerMANOVA pairwise test with 999 permu-
tations.  Differential abundance analysis of taxonomic 
units between groups was performed with ANCOM-
BC2 [50] (q value < 0.05), implemented in the R package 
ANCOMBC (v.2.6.0) [51].

Bioinformatic analyses were performed on a 64-core 
Intel Xeon E5-2683 v4 Linux server and data visualiza-
tion was performed with custom scripts implemented in 
R (version 4.2.3) [52].

Expression analyses of selected genes
We dissected guts from 24 fourth instar larvae and 24 
female adults collected 5 DPE from adults emerging from 
Bti-tolerant larvae; the same number of samples was 
collected for controls at the larval and adult stages. For 
each condition, we repeated dissection three times (i.e., 
three biological replicates), managing eight larval and 
eight adult samples each time. We extracted total RNA 

from individual guts using the TRIzol™ Plus RNA Puri-
fication Kit protocol (Invitrogen™) following the manu-
facturer’s instructions. Extracted RNA was treated with 
DNase (ThermoFisher) to remove genomic DNA and 
cDNA was synthesized using the GoScript™ Reverse 
Transcription Mix, Oligo(dT) according to the manufac-
turer’s instruction. cDNA was then used to quantify the 
transcriptional activity of nine selected genes: Myd88 
(AALC636_030222), Cactus (AALFPA_063808), Cecro-
pin B (AALFPA_043934), Cecropin A (AALF012131), 
Dorsal (AALFPA_074733), Dicer 2 (AALFPA_062753), 
Ago 2 (AALFPA_066143), PPO (AALFPA_056936), 
and obp28 (AALFPA_044806). Primers were designed 
using the online tool for real-time PCR primer design 
of Primer-BLAST (https:// www. ncbi. nlm. nih. gov/ tools/ 
primer- blast/) (Additional file  2: Table  S1). Quantitative 
polymerase chain reaction (qPCR) was performed using 
the QuantiNova™ SYBR® Green PCR Kit (QuantiNova™) 
and the Ae.  albopictus 60S ribosomal protein L34-like 
gene, RpL34 (AALC636_026691) as housekeeping gene  
[53] . Each qPCR reaction was run in a total volume of 
20 μl, containing 10 μl SYBR Green (ThermoFisher), 4 μl 
of cDNA, 4 μl of  H2O, and 1 μM of each of the forward 
and reverse primers. Cycling parameters were: 95 °C for 
2 min followed by 40 cycles of 95 °C for 5 s, 60 °C for 30 s, 
followed by the melting curve generation.

The  2−ΔΔCt method was used to calculate mRNA abun-
dance for each gene of interest as previously shown [54], 
averaging the data of the three biological replicates; each 
individual sample was examined using technical dupli-
cates. An unpaired t-test was used to test for significant 
differences in relative mRNA abundance between groups. 
We used GraphPad Prism (Version 9.1.1) for all statistical 
analyses.

Results
We compared the susceptibility of three  Ae.  albopictus 
laboratory-populations, namely Fo, Tap, and Cr, to a Bti 
spore and crystal formulation on the basis of the AM65-
52 strain. We plotted the percentage of mortality and 
log-transformed Bti concentration for each mosquito 
populations to obtain a dose–response curve and we 
used probit analysis to calculate the  LC50 values (Addi-
tional file 3: Fig. S2). On the basis of the probit analysis 
(Table 1), Cr was found to be the most susceptible labora-
tory population, with  LC50 and  LC80 values of 314.2 (95% 
CI 256.4–411.9) and 645.06 (95% CI 487.4–802.6) ITU/
ml, respectively. On this basis, we selected Cr to further 
investigate the carry-over effects of Bti exposure on the 
fitness, the microbiota, and the expression of immune 
genes in larvae surviving  LC80,, hereafter called tolerant 
larvae, and adults emerging from these larvae.

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Bti exposure reduces emergence, longevity, and fecundity 
of adults derived from tolerant larvae
We tracked the cost of Bti tolerance on adults emerging 
from tolerant larvae as well as the carry-over effect of 
Bti tolerance on the fitness of the subsequent generation. 
We followed the development of Bti-tolerant larvae and 
measured the percentage of adult emergence, the lon-
gevity of males and females, the blood feeding rate, and 
the fecundity and the fertility of females. We compared 
these fitness parameters with those of adults emerging 
from larvae not exposed to Bti, hereafter called controls. 
Only 45% (± 1.34) of Bti-tolerant larvae reached the adult 
stage, which is significantly lower than the value of 73% 
(± 5.94) observed in controls (P-value = 0.0153, Addi-
tional file 4: Table S2, Additional file 5: Fig. S3). Median 
survival time of females emerging from Bti-tolerant lar-
vae was significantly shorter than that of females from 
control larvae, 10 (± 0.6) and 24 (± 1.2) days, respectively 
(Fig.  1A). The same trend was observed for males, with 
median survival time of males emerging from Bti-toler-
ant larvae being 9 (± 0.47) days with respect to 20 (± 0.96) 
days of males from control larvae (Fig. 1B). In addition, 
1-week-old females exposed to a blood meal showed 
comparable blood-feeding rates when emerging from Bti-
tolerant (37.39% ± 5.68) or control larvae (37.65% ± 4.28) 
(Additional file 5: Fig. S3). Additionally, there was also no 
significant difference in the percentage of sterile females 
(5.53% ± 2.3 and 7.07% ± 4.97 from either Bti-tolerant or 
control larvae, Additional file 5: Fig. S3) or the percent-
age of infertile eggs (5.185% ± 3.47 and 12.33% ± 5.173 
from females derived from either Bti-tolerant or con-
trol larvae, Additional file  5: Fig. S3). However, females 
emerging from Bti-tolerant larvae showed significantly 
lower fecundity with respect to those from control larvae 
(54.0 ± 2.77 and 74.33 ± 4.01 in females from Bti-tolerant 
versus control larvae, respectively, Fig. 1C). Despite hav-
ing laid less eggs, the fertility of adults emerged from Bti-
tolerant larvae was not significantly different than that 
of control mosquitoes (61.32% ± 3.28 and 53.54% ± 4.34 
in females from Bti-tolerant or control larvae, Fig.  1D, 
Additional file 4: Table S2).

We further followed the development of eggs laid by 
adults emerging from Bti-tolerant versus control larvae 
and observed no differences in the percentage of egg via-
bility, LTD, PDT, pupation rate, egg-to-adult viability, sex 
ratio, and developmental speed of males and females; val-
ues for each of these parameters and relative statistics are 
shown in Fig. 1E, F and Additional file 4: Table S2. Over-
all, these results highlight that Bti exposure influences 
the emergence, longevity, and fecundity of adults from 
Bti-tolerant larvae, but these effects are not passed on to 
the following generation.

Bti exposure alters the richness of several bacterial genera 
and increases microbial diversity
We continued the analyses of the effects of Bti on the 
microbiota of Bti-tolerant larvae and emerging adults 
using 16S barcode sequencing [55]. We compared the gut 
microbiota diversity, composition, and abundance across 
all our experimental groups.

We generated and sequenced a total of 64 libraries, 
16 from fourth instar Bti-tolerant larvae (LB), 16 from 
fourth instar control larvae (LC), 16 from adult females 
emerging from Bti-tolerant larvae (AB), and 16 from 
adult females from control larvae (AC). One LB and one 
AC library were discarded after quality control assess-
ment. Between 189,508 and 361,410 sequencing reads 
were obtained across our remaining 62 samples (Addi-
tional file 6: Table S3). After DADA2 filtering, the num-
ber of ASVs per sample ranged between 55,433 and 
154,448, resulting in a total of 154 bacterial families and 
291 genera (Additional file 7: Table S4). Taxonomic clas-
sification revealed that the most dominant genera in 
LB samples are Microbacterium, Kaistia, Enterobacter, 
Bacillus, Geobacillus, and Miniimonas. The predomi-
nant genera of LC samples are Microbacterium, Kaistia, 
Rubritepida, Wolbachia, Miniimonas, and Geobacillus 
(Fig.  2A, Additional file  8: Table  S5). We also observed 
significant changes in the composition of microbiota 
across experimental groups (Fig. 2B). A total of 40 gen-
era were shared between LB and LC samples, excluding 
unclassified taxa (Fig. 3A, Additional file 8: Table S5), but 
shared genera had different relative abundances (Fig. 3B). 
For instance, in LB versus LC samples, we observed a sig-
nificant increase in the relative abundance of Siphonobac-
ter, Enterobacter, Bacillus, and Acinetobacter (Fig. 3B).

The observed changes in the richness and diversity of 
the microbiota of LB and LC samples are supported by 
the results of the alpha and beta diversity metrics (Fig. 3 
C and D, Additional file 9: Table S6). Beta diversity met-
rics showed that while LC samples clustered closely 
together, indicating a high degree of similarity in their 
gut microbiota composition, LB samples were dispersed, 
reflecting greater variability among individuals (Fig. 3D).

Table 1 Probit analysis of Bti against different populations of 
Ae. albopictus 

a 95% confidence interval

Ae. albopictus 
population

LC50 (ITU/
ml)

LC50 95%  CIa Slope Slope 95% 
 CIa

χ2

Crema 314.2 256.4 
to 411.9

2.991 1.759 
to 17.76

0.9674

Tapachula 455.2 341.7 
to 622.4

2.501 1.467 
to 4.801

0.9611

Foshan 719.9 589.6 
to 923.6

2.669 1.619 
to 6.138

0.9569
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The alpha diversity, based on the Shannon index, indi-
cates no significant difference in the gut microbiota 
diversity between AB and AC samples (Fig.  3C). The 
microbiota of adults, from both AB and AC samples, was 
dominated by Wolbachia (Additional file  8: Table  S5) 

with 78.79 ± 24.31% and 75.6 ± 21.45% of ASVs linkable to 
Wolbachia in AB and AC samples, respectively. Exclud-
ing Wolbachia, the most represented bacterial genera in 
AC samples were Geobacillus, Tanticharoenia, Entero-
bater, Klebsiella, Escherichia-Shigella, and Acitenobacter 

Fig. 1 Fitness comparison between Bti-tolerant and control mosquitoes. Probability of survival of females (A) and males (B) of control 
and Bti-tolerant samples. Shaded areas in A and B represent 95% confidence intervals (CI). Differences in adult lifespan were tested via log-rank 
analyses. C Average number of eggs laid per female (fecundity). D Percentage of eggs deposited by each female that hatched (fertility). Each dot 
represents data for a female, differences in fecundity and fertility were compared using Student’s t-test and error bars represent the 95% CI. E Fitness 
parameter of F1 progeny. F Developmental indices of F1 progeny. Comparison of the fitness parameters between Bti-tolerant and control samples 
was performed using Student’s t-test. Ns represents non-significant, *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001, and ****P-value < 0.0001. In 
all the panels the controls are indicated in green and the Bti-tolerant samples are indicated in purple
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(Additional file 10: Fig. S4). The dominant genera of AB 
samples were Geobacillus, Staphylococcus, Pedobacter, 
Escherichia-Shigella, and Acitenobacter (Additional file 8: 
Table S5). A total of 80 genera were shared between AC 

and AB samples (Fig.  3A, Additional file  11: Table  S7), 
among them, Enterobacter and Allorhizobium-Neorhizo-
bium-Pararhizobium-Rhizobium had significantly lower 
relative abundance in AB versus AC (Fig. 3B, Additional 

Fig. 2 Changes in the relative abundance of components of the gut microbiota of Bti-tolerant mosquitoes versus their controls. A The relative 
abundance bar plot of bacterial composition at the genus taxonomic level. Each bar represents the relative abundance assigned to a given bacterial 
genus for each individual gut. Only genera with a relative abundance greater than 10% in each individual gut are represented; genera with a relative 
abundance below 10% are grouped into “Others.” B Alluvial plot showing the prevalence of differentially abundant taxa from phylum to genus 
in the gut of Bti-tolerant larvae (LB), their controls (LC), and in the gut of adults emerging from Bti-tolerant larvae (AB) and their controls (AC). 
Each taxonomic level is represented by a black square and it is organized in ascending order on the basis of the most abundant genera across all 
experimental groups. The most abundant genus (i.e., Acquabacterium) appears at the top of the last column on the right, while the least abundant 
genus (i.e., Bacillus) is listed at the bottom. The width of each line corresponds to the abundance of the taxa in LB, LC, AB, and AC samples. Green 
and purple colors represent control and Bti-tolerant samples, respectively. Light and dark shades of green and purple refer to larval and adult 
samples, respectively
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file 12: Table S8). Pairwise PerMANOVA analysis based 
on the Bray–Curtis distance metric revealed significant 
differences in the composition of the bacterial commu-
nity between AB and AC samples and also LC versus LB 
samples (Fig. 3D, Additional file 9: Table S6). This result 
is corroborated by PCoA analysis, which showed that, 
excluding Wolbachia, AC and AB samples cluster sepa-
rately from LC and LB samples and manifest high intra-
condition variability. Moreover, the absence of some 
genera (i.e., Salmonellai, Klebsiella, Vulcaniibacterium, 
Siphonobacter, Mesorhizobium, and Clostridium) in AB 
samples suggests that the effect of Bti extends beyond the 
larval stage (Additional file 7: Table S4).

Bti exposure alters the richness of the core microbiota
We looked at the intersections of bacterial genera found 
in our samples to identify the components of the micro-
biota that are conserved across all samples and their rich-
ness (Additional file 11: Table S7). We observed that 33 
genera were shared across all samples, including larvae 
and adults, suggesting they are the “core microbiota.” 
Among these, Microbacterium, Wolbachia, Geobacil-
lus, Enterobacter, Acinetobacter, Escherichia-Shigella, 
Methylobacterium, and Aquabacterium were the most 
abundant. Despite the presence of these bacterial genera 
being conserved across all samples, their relative abun-
dances were different between Bti-tolerant and control 
samples. For instance, Enterobacter had a significantly 
higher abundance in Bti-tolerant larvae versus adults, 
whereas the opposite was true for LC versus AC (Fig. 3B, 
Additional file  12: Table  S8). The relative abundance of 
Bacillus and Bosea genera were significantly higher in 
LB versus AB, suggesting Bti-dependent changes in core 
microbiota richness. We further observed that LB and 
AB samples share two bacterial genera, namely Blautia 
and Coxiella, which were absent in control samples and 
their abundance did not differ between the larval and 
adult stages. LC and AC samples shared three bacterial 
genera (Caldimonas, Roseomonas, and Rothia), which 
were absent in both LB and AB samples.

As expected, there were changes in the overall gut 
microbiota composition from larvae to adult. Interest-
ingly, the relative abundance of Enterobacter was signifi-
cantly higher in LB versus AB (6.8-fold), while the relative 

abundance of this bacterium decreased 5.6-fold in LC 
versus AC samples (Fig. 3B, Additional file 12: Table S8). 
Overall, we saw less changes in the relative abundances 
of bacteria and more shared microbiota between LB and 
AB versus LC and AC, suggesting that Bti-tolerant lar-
vae contributed more to the microbiota composition of 
emerging adults with respect to control larvae.

Bti exposure elicits immune responses in the gut 
of Ae. albopictus
We compared the transcriptional activity of myd88, cac-
tus, dorsal, and cecropinA, which represent modulators 
and/or effectors of the Toll pathway [56, 57]; cecropinB, 
the antimicrobial peptide that is synthesized upon acti-
vation of the IMD pathway [58]; PPO and obp28, which 
contribute to pathogen melanization [59, 60], and 
dicer2 and ago2, whose activity results in synthesis of 
small interfering RNAs (sRNA) [61] in larvae. To verify 
the carry-over effects of Bti exposure on adults derived 
from Bti-tolerant larvae, we further studied the expres-
sion of all the mentioned immune genes in adults, except 
for PPO and obp28. We exclude obp28 since its immune 
function has been shown only in larvae and PPO is acti-
vated only in the presence of a pathogen [60, 62]. Figure 4 
summarizes the relative expression of each of these genes 
in Bti-tolerant larvae and adult versus their control coun-
terparts, after normalization of their expression to that 
of the housekeeping gene rpl34. Significant differential 
expression was observed in cactus, cecropinB, and dicer2 
genes in larvae, which had 2.5-, 2.3-, and 3.4-fold higher 
expression in Bti-tolerant versus control larvae, respec-
tively (Fig.  4A). In females emerging from Bti-tolerant 
larvae, the expression of cactus was 0.5-fold higher and 
dicer2 was expressed threefold less compared with con-
trol females (Fig. 4B).

Discussion
Bti application is a safe, eco-friendly, and effective 
method to control mosquito larval populations, that, to 
date, has not resulted in emergence of resistance [63]. 
Despite the absence of resistance at the population level, 
some larvae exposed to lethal concentrations of Bti sur-
vive. These larvae are defined as being Bti-tolerant. Our 
results showed that Bti-tolerant larvae suffer fitness 

(See figure on next page.)
Fig. 3 Changes in the composition of gut microbiota of Bti-tolerant mosquitoes versus control samples. A Venn diagram showing the number 
(and percentage) of bacterial genera that are either in common or unique to Bti-tolerant larvae (LB), their emerging adults (AB), control larvae 
(LC), and control adults (AC). B Differential abundance analysis bar plot showing the pairwise comparisons of fold changes of bacterial genera 
in common between LB versus LC, AB versus AC, LB versus AB, and LC versus AC. C Alpha diversity based on the Shannon index. D Principal 
coordinate analysis (PCoA) based on the Bray–Curtis metric of the microbiota diversity and richness across samples. Ns represents non-significant, 
*P-value < 0.05, **P-value < 0.01, ***P-value < 0.001, and ****P-value < 0.0001
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Fig. 3 (See legend on previous page.)
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costs, which are passed to the adult stage, but not to 
the following generation. We also observed significant 
changes in the composition of the gut microbiota both in 
Bti-tolerant larvae and the derived adults.

In mosquitoes, larval and adult stages live in different 
ecological niches and the larval developmental condi-
tions can influence adult life history traits and vectorial 
capacity. These conditions include both biotic and abiotic 
factors such as temperature, diet, and habitat microbial 
community [64–68]. For instance, application of suble-
thal doses of Bti to larval breeding sites resulted in adults 
that were smaller and shorter lived, and females with a 
lower blood feeding rate and fecundity, traits which can 
impact vectorial capacity [69–71]. In our study, sur-
vival after exposure to Bti lethal doses resulted in lar-
vae giving rise to adults that suffered fitness costs in 
terms of reduced emergence rate, shortened lifespan, 
and decreased fecundity. Despite the observed costs in 
Ae.  albopictus adults derived from Bti-tolerant larvae, 
the fitness parameters of the subsequent generation were 
not affected highlighting the lack of long-term indirect 
effects of Bti-based insecticides.

We also showed significant changes in the gut micro-
biota of Bti-tolerant larvae and emerging adults, which 
align with previous data showing significant alterations 
in the microbial communities of Ae. aegypti and Cx. pipi-
ens mosquitoes exposed to different concentrations of 
Bti [17, 18]. Consistent with our findings, Cx.  pipiens 
larvae exposed to Bti showed higher alpha diversity in 
their gut microbiota compared with the control [18]. In 

contrast, the microbiota of Bti-tolerant Ae.  aegypti lar-
vae exhibited lower diversity compared to non-tolerant 
individuals [17]. Nevertheless, the microbiota of Bti-
tolerant Ae.  aegypti larvae showed high inter-individual 
variability, consistent with our findings [17]. In general, 
larval microbiota appears to be shaped by the breeding 
site, since strong similarities in the composition of lar-
val microbiota were found in larvae that developed in 
the same site [72]. Accordingly, we observed low inter-
individual variability among LC samples on the basis of 
beta diversity analysis. However, LB samples were more 
dispersed, as seen in Ae. aegypti [17], further emphasiz-
ing the role of Bti in modulating the composition of larval 
microbiota.

Metamorphosis and molting are known to reduce the 
richness of the gut microbiota of adult Anopheles, Culex, 
and Aedes mosquitoes [73], which we also observed. We 
further saw changes in the composition of the gut micro-
biota between AB and AC samples and changes in the 
relative abundance of components of their core microbi-
ota. Altering the relative abundance of the core microbi-
ota may lead to restructuring of the essential gut bacterial 
communities impacting mosquito fitness and nutrient 
assimilation [74–79]. Thus, the fitness changes observed 
in AB females may be partly linked to alterations in their 
microbiota composition, including changes in the rela-
tive abundance of their core microbiota. Additional func-
tional studies, which are beyond the scope of this work, 
are necessary to draw solid conclusions regarding the 
role(s) of specific microbes on mosquito traits.

Fig. 4 Relative expression of nine immunity genes in Bti-tolerant versus control larvae and adults. The expression of each gene in the gut 
of Bti-tolerant larvae (A) and adults (B) was compared with its control. Each bar represents the mean (± SD) of three biological replicates. 
*P-value < 0.05
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The disruption of host cell membranes by Bt toxins 
and the invasion of Bt spores and gut-residing bacteria 
into the insect hemolymph trigger humoral and cellu-
lar immune defenses in the host. These defenses include 
encapsulation, phagocytosis, melanization, increased 
lysozyme activity, prophenoloxidase activation cascade, 
and production of antimicrobial peptides regulated by the 
IMD (immune deficiency) and Toll signaling pathways, 
among others [79–82]. Host immune responses activated 
by Bt can counteract its toxic effects and may contribute 
to the development of tolerance or resistance in exposed 
populations [79]. Bti infection was shown to increase 
the relative expression of genes associated with the Toll 
and IMD signaling pathways in larvae of Cx. pipiens and 
Ae. aegypti [18, 29]. Similarly, we observed changes in the 
relative expression of cactus, cecropin B, and dicer2 in 
Bti-tolerant larvae. We further observed that the expres-
sion of cactus is higher in adults derived from Bti-toler-
ant larvae compared with controls, while the expression 
of dicer-2 was reduced in adults from Bti-tolerant larvae, 
suggesting long-lasting changes from Bti exposure. In 
mosquitoes, changes in immune gene expression in Bti-
tolerant populations have been linked to altered viral sus-
ceptibility [63]. For instance, prolonged exposure to Bti 
has been shown to reduce the expression genes belong-
ing to the Toll pathway and of antimicrobial peptides in 
Ae. aegypti, and sublethal exposure to Bti increases adult 
susceptibility to DENV, but not CHIKV [63].

The immune system plays a crucial role in maintain-
ing gut microbiota homeostasis [13], but Bt infection was 
shown to alter the abundance and composition of the gut 
microbiota, which, together with the elevated immune 
response, can influence the overall health of mosquitoes 
and possibly their ability to transmit diseases [17, 18, 83, 
84]. Although Bti triggers immune responses in the insect 
gut [13, 18], altered microbiota can also elicit immune 
responses [17]. For instance, we observed overexpression 
of cecropin, which is generally more active against Gram-
negative than Gram-positive bacteria [82]. This might 
correlate with the enrichment of Gram-negative bacteria 
such as Enterobacter, Acinetobacter, and Siphonobacter in 
LB samples. Overall, these results underline the intricate 
relationship among Bti, gut microbiota, and immunity 
generating intricate back-interactions among each other 
and mosquito fitness.

Conclusions
Bti exposure exerts a complex influence on Ae.  albop-
ictus by controlling the population size of mosquitoes 
and reducing the fitness of adults emerging from toler-
ant larvae. We also show that Bti alters the gut micro-
biota of tolerant larvae and their emerging adults, 
including changes in the richness of the core microbiota, 

and induces immune responses in the larval and adult 
gut. These immediate effects negatively alter traits that 
directly or indirectly impact mosquito vectorial capac-
ity [84], which further supports the use of Bti in control 
strategies. Additionally, the fitness parameters of the sub-
sequent generation of mosquitoes remained unaffected, 
suggesting a lack of long-term indirect effects of Bti-
based insecticides on Ae. albopictus.
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gut of Bti-tolerant larvae and their derived adults and respective controls. 
Each bar in panels A and B represents the most abundant bacterial 
phylum and family, respectively, for each experimental group. Each bar in 
panel C shows the relative abundance assigned to a given bacterial genus, 
excluding Wolbachia, for each individual gut.

Additional file 11: Table S7. Common bacterial genera between groups 
and their average relative abundance.

Additional file 12: Table S8. Statistical analysis of differentially abundant 
genus in each experimental group.
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