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Anatomical damage caused 
by Bacillus thuringiensis variety 
israelensis in yellow fever mosquito 
Aedes aegypti (L.) larvae revealed 
by micro‑computed tomography
Javier Alba‑Tercedor 1* & Susana Vilchez 2*

With micro‑computed tomography techniques, using the single‑distance phase‑retrieval algorithm 
phase contrast, we reconstructed enhanced rendered images of soft tissues of Aedes aeqypti 
fourth instar larvae after Bti treatment. In contrast to previous publications based on conventional 
microscopy, either optical or electron microscopy, which were limited to partial studies, mostly in the 
form of histological sections, here we show for the first time the effects of Bti on the complete internal 
anatomy of an insect. Using 3D rendered images it was possible to study the effect of the bacterium 
in tissues and organs, not only in sections but also as a whole. We compared the anatomy of healthy 
larvae with the changes undergone in larvae after being exposed to Bti (for 30 min, 1 h and 6 h) and 
observed the progressive damage that Bti produce. Damage to the midgut epithelia was confirmed, 
with progressive swelling of the enterocytes, thickening epithelia, increase of the vacuolar spaces 
and finally cell lysis, producing openings in the midgut walls. Simultaneously, the larvae altered 
their motility, making it difficult for them to rise to the surface and position the respiratory siphon 
properly to break surface tension and breathe. Internally, osmotic shock phenomena were observed, 
resulting in a deformation of the cross‑section shape, producing the appearance of a wide internal 
space between the cuticle and the internal structures and a progressive collapse of the tracheal trunks. 
Taken together, these results indicate the death of the larvae, not by starvation as a consequence 
of the destruction of the epithelia of the digestive tract as previously stated, but due to a synergic 
catastrophic multifactor process in addition to asphyxia due to a lack of adequate gas exchange.

Bacillus thuringiensis (Bt) was first discovered in 1901 by Shigetane Ishiwata who isolated a bacterium from dead 
silkworm larvae while he was investigating the cause of the so-called “sotto disease” (sudden-collapse disease). 
He named the bacterium Bacillus sotto1. Several years later, Ernst Berliner isolated a related strain from dead 
Mediterranean flour moth larvae found in a flour mill in Thuringia, and thereafter appropriately named the 
bacterium B. thuringiensis. This author also observed that a solution of crystallized Bt toxins was highly effective 
against certain crop  pests2–4.

Bt is a Gram-positive spore-forming bacterium found all over the globe and in all tested  ecosystems5. Dur-
ing sporulation, Bt strains synthesize crystal (Cry) and cytolytic (Cyt) protein toxins called δ-endotoxins as 
parasporal bodies, which are toxic to many  insects6,7. It has been shown that when insect larvae ingest these 
protein crystals, they are solubilized by the alkaline environment of the midgut and protoxins are activated by 
the digestive enzymes causing pores in the cell membrane of the digestive tract, with lethal consequences for 
the insects, i.e.: Refs.8,9.

The first commercial production of Bt as an insecticide was reported in 1938 in France and sold under 
the name “Sporéine”, and since then its use in the development of advanced products has been continuously 
 increasing10. Angus, using silkworm larvae (Bombyx mori) and a strain of the Bt subspecies sotto, was the first 
to prove that the Cry toxin was the main insecticidal  agent11, and afterwards it was demonstrated that the gut 
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epithelium was the site of action of the δ-endotoxins12. Nowadays, the Cry proteins have been tested to target 
diverse species of different insect orders and some other invertebrates such as mites and  nematodes13. Although 
there is a long-standing controversy as to whether there are risks of long-term effects on ecosystems from the 
indiscriminate release of Bt in  nature14–16, Bt products are considered a much better alternative than chemical 
insecticides given their specificity and biodegradability.

Since the isolation of the Bt variety israelensis (Bti), whose paraspores have a strong pathogenic action toward 
mosquito  larvae14,15 (in addition to black fly and chironomid larvae), its use for mosquito control, and the number 
of publications, has increased  exponentially16.

Although there are numerous studies on the mechanisms that allow its biocidal action, few studies have shown 
anatomical-histological  damage17. Nevertheless, the midgut histopathology and pathogenesis of Bti toxins for 
several species of Culicidae mosquito larvae have been  reported18–26, including the yellow fever  mosquito19–21,27,28.

To assess the damage caused by Bti, it is important to be able to compare with the anatomy of healthy larvae. 
There are several studies on this topic, starting with the classical study on mosquito anatomy by  Snodgrass29 and 
the extraordinary compilation by  Christophers30, and a recent study with a histological characterization of the 
midgut of healthy A. aegypti  larvae31.

After the  isolation15 and characterization of a strain of Bt whose parasporal inclusions had strong pathogenic 
power for Culicidae  larvae14, cytological studies on the histopathological effects of Bti in A. aegypti  began18,19. The 
pioneering work by Charles, first with optical  microscopy19 and then with transmission electronic  microscopy20, 
was the first to demonstrate the damage caused by Bti at the tissue level, mainly in the digestive tract.

In contrast to previous publications, based on conventional microscopy, either optical or electron microscopy, 
which were limited to partial studies mostly in the form of histological sections, in this work, and thanks to 
micro-CT, it has been possible to show the internal anatomy of a Bt treated insect in its entirety for the first time. 
Using 3D rendered images it was possible to study not only the structures in sections but also as a whole, and by 
comparing the anatomy of healthy larvae and the changes undergone after being exposed to Bti for 30 min, 1 h 
and 6 h, the progressive damage that the Bti produces has been described.

Materials and methods
Bacterial strains growth conditions. The bacterial strain used in this work was B. thuringiensis var. 
israelensis 4Q5 (Bti 4Q5), from the Bacillus Genetic Stock Center at the Ohio State University. Bti 4Q5 was cul-
tured in 50 ml of T3  medium32 at 30 °C and under aerobic conditions (200 rpm) for 72 h until complete sporula-
tion was observed  (107 spores/ml). The culture was centrifuged at 4000 g for 20 min, and the pellet was washed 
three times and resuspended in 5 ml of Milli-Q water (22 mg spore crystal suspension/ml). The obtained spore 
and crystal suspension was kept at 4 °C until used.

Larval rearing and bioassay. After arrival, the eggs were placed in a glass container with dechlorinated 
tap water and ground commercial dry cat food. The container was incubated in an insect room (25 °C ± 2 °C, 
65% humidity and a photoperiod of 16 h:8 h light:dark). Under these conditions, eggs hatched within two days. 
Cat food was supplied when necessary. Aedes aegypti early fourth instar larvae were used for the bioassay with 
Bti 4Q5. The remaining larvae, not used in the bioassay, were killed by adding bleach to the rearing container.

Ten A. aegypti larvae were placed in a 30 ml plastic tube containing 10 ml of dechlorinated tap water and dry 
cat food and kept in the insect room under the same conditions as described previously. One hundred microlit-
ers of the previously described Bti 4Q5 spore and crystal suspension was added to the larvae. Two larvae were 
withdrawn at different times (30 min, 1 h and 6 h) with the use of a plastic Pasteur pipette and placed into plastic 
tubes with 5 ml of 70% ethanol. After the time course, larvae were fixed and treated for microtomography as 
described below. The 30 min larvae were alive, and the larvae withdrawn 1 h and 6 h after the start of the bioas-
say were dead.

Specimen preparation and CT scanning conditions. For the microtomographic study, two larvae, 
already preserved in 70% ethanol, were taken from each bioassay with increasing Bti exposure times, and dehy-
drated with increasing ethanol concentrations (80%, 90%, 100%) for 30 min each at room temperature. Before 
scanning, the larvae were stained in a solution of 1% iodine in absolute 100% ethanol for 24 h, submerged in 
hexamethyldisilazane (HMDS) for 12 h and air-dried overnight. Specimens were scanned either into a 0.2 ml 
Eppendorf tube (which was attached to the specimen holder with plasticine, and larvae fixed inside with  Basotect® 
[melamine resin foam, created by the Chemical Company BASF], a material easy to remove  digitally33 [Fig. 1a]) 
or glued with cyanoacrylate to the tip of a nylon fishing line (200 µm diameter) and covered with a plastic straw 
to avoid any movement induced by the air refrigerating current during the scan process (Fig. 1b). A SkyScan 
1172 desktop high-resolution microtomograph, upgraded to have a Hamamatsu L702 (100/250) source and a 
Ximea 11Mp camera was used. The scanning parameters were set up as follows: Isotropic voxel size = 0.54 µm; 
Source voltage = 48 kV, Source current = 49 µA, Image rotation step = 0.53° (0.2 for the 6 h larvae), 180° rotation 
scan and no filter. To be able to capture the whole length of the larvae it was necessary to perform 5–7 connected 
oversize scans. The resulting Tiff images were reconstructed with the recent Bruker micro-CT’s NRecon software 
(v.2.0.0.5) using the single-distance phase-retrieval algorithm described by David Paganin et al.34, which permits 
phase contrast reconstructed enhanced images of soft tissues.

The Bruker micro-CT’s Skyscan software CTAnalyser v.1.20.8.0 was used for the primary ‘cleaning’ process. 
The resulting images were reoriented with DataViewer v.1.6.0.0 (used to get sliced rendered images of Figs. 3 
and 4), and CTvox v.3.3.1 was used to get 3D rendered images of Figs. 1f–k and 2 and the Supplementary Video 
S1, as previously  described35.
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Figure 1.  Micro-CT 3D rendered images with sagittal sections of fourth instar A. aegypti larvae. Mounted 
samples ready for scanning (a,b) and ethanol preserved larvae (c–e). Deformation (d) after exposition to B. 
thurigiensis var. israelensis (Bti) and empty space created, marked with red arrows (e). Control healthy larva 
(c,f,g). Larvae after different exposure times to Bti (d,e,h–k): 30 min (d,e,h), 1 h (i,j), 6 h (k). Details of the 
fore midgut epithelia and surrounding muscles (g,i). Note deformation (d) and empty space created (e), and 
the progressive cell lysis effect caused by Bti, which is observed in the form of openings in the midgut epithelia. 
Abdominal segments are numbered. Fd food, Fme fore midgut epithelia, Gc gastric caeca, Mu muscles, Op 
midgut epithelia openings, Pm peritrophic membrane.



4

Vol:.(1234567890)

Scientific Reports |         (2023) 13:8759  | https://doi.org/10.1038/s41598-023-35411-1

www.nature.com/scientificreports/

Results
The rendered micro-CT images of larvae show the main anatomical structures and organs (Figs. 1f–k and 2 

Figure 2.  Micro-CT 3D rendered images with sagittal sections of fourth instar A. aegypti larvae showing the 
internal anatomy to visualise the external surface of the digestive tract epithelia. Control healthy larva (a) and 
larva after 1 h exposure to Bti (b). Note in b the damage caused by the Bti, which can be seen in the form of 
openings and empty space created.
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Figure 3.  Micro-CT slice rendered images with sagittal sections of fourth instar A. aegypti larvae, comparable 
to those obtained in the literature using histological microscopy techniques, showing the internal anatomy. 
Control healthy larva (a). Larvae after different exposure times to Bti (b–d): 30 min (b), 1 h (c) and 6 h (d). 
Note empty space created and the cell lysis effect caused by Bti, which is observed in the form of openings in 
the midgut epithelia, an increase in vacuoles and a progressive swelling of the midgut cell epithelia, which is 
observed as an increase in thickness. Fd food, Fme fore midgut epithelia, Gc gastric caeca, Mu muscles, Op 
midgut epithelia openings, Pm peritrophic membrane, Vc vacuoles.
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Figure 4.  Micro-CT slice-rendered images with cross-sections of fourth instar A. aegypti larvae at level of the 
third (a,c,e) and fifth abdominal segments (b,d,f,g). Control healthy larva (a,b). Larvae after different exposure 
times to Bti (c–g): 30 min (c,d), 1 h (e,f) and 6 h (g). Note empty space created and the cell lysis effect caused 
by Bti, which is observed in the form of openings in the midgut epithelia, an increase in vacuoles, a progressive 
swelling of the midgut cell epithelia (observed as an increase in thickness) and a progressive collapse of the 
tracheal trunks.
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and Supplementary Video S1). Thus, in addition to the external structures of the head, thorax and abdomen, 
the internal anatomical details are shown in detail, with the brain, the muscles, the fat bodies and the digestive 
tract (mouth opening, pharynx, esophagus, proventriculus, gastric caeca, midgut, rectum and the position of 
the anal opening). Inside the digestive tract, the surrounding peritrophic membrane and the epithelial layer can 
be seen. In addition, the salivary glands, the Malpighian tubules (Figs. 1f,h,j; 2, 3 and 4) and the imaginal discs 
of the legs (Figs. 2b, 3c) are clearly visible.

After exposure to Bti, larvae became less active and behave erratically, with slower and slower movements, 
fewer trips to the surface to take oxygen and eventual death. During this process larvae become progressively 
softer and more flaccid. When compared to control larvae (Figs. 1c,f, 2a, 3a, 4a,b), according to the time of expo-
sure to Bti, a progressive deformation occurs, and conspicuous empty spaces were observed between the cuticle 
and the internal structures. These changes are visible under a stereoscopic binocular microscope (Fig. 1d,e) and 
are clearly shown in rendered micro-CT images (Figs. 1h,j, 2b, 3b,c, 4c–f). Furthermore, when viewed in cross 
section, it is clear that in comparison to the untreated larvae, which have a flat ventral part (Fig. 4a,b), after 
exposure to Bti, the section becomes almost circular (Fig. 4e,f). In parallel, when compared to control larvae 
(Figs. 1c,f,g, 2a, 3a, 4a,b), the progressive cell lysis effect caused by Bti is observed as an increase in vacuoles and 
a progressive swelling of the midgut cell epithelia, in which an increase in thickness can be observed along with 
extensive openings in the walls of the midgut (Fig. 1i–k). These openings are observable in the 3D rendered 
images, in which the external surface of the midgut epithelium has been reconstructed as very conspicuous 
midgut transverse slits (Fig. 2b), as well as in the cross-sections of rendered images (Figs. 3c,d, 4c–g). In addition 
to these openings, vacuoles in the midgut epithelial cells are visible (Figs. 3d, 4f,g). Moreover, the dorsal tracheal 
trunks progressively collapse from a regular oblong section (Fig. 4a,b), reducing their lumina (Fig. 4e,f), until 
they become almost indistinguishable (Fig. 4g). After 6 h of exposure to Bti, the degradation was maximal, and 
larvae showed highly degraded midgut epithelial walls, an increase of cellular volume with vacuoles and open-
ings and totally collapsed tracheal trunks (Figs. 1k, 3d, 4e–g).

Discussion
The effect of Bti on larval movement observed here were previously reported in Aedes albopictus26 and A. aegypti36.

The micro-CT rendered 3D images shown in this work are comparable to the ones obtained with classical 
anatomical  methods33. Thus, the 3D rendered images we obtained from A. aegypti allow the identification of 
anatomical structures and organs previously described for Culicidae mosquitoes in classic works such as those 
of  Snodgrass29 or  Christophers30 as well as more recent  ones19–21,26,31,37–39. Even the histological images shown in 
those previous papers are comparable to the micro-CT rendered images shown in Figs. 3 and 4. In addition, the 
quality of rendered micro-CT images obtained is far superior to those obtained by Optical Coherence Tomog-
raphy techniques, recently used to study  mosquitoes40. We previously used Micro-CT to describe the anatomy 
of different  insects33,41–57, but this is the first time, as far as we are aware, that this technology has been used to 
study the effects of a pathogen on its host.

A similar degradation of midgut epithelia observed in this work has been widely reported in other Diptera, 
particularly in Culicidae mosquitoes, after exposure to Bti  toxins18–20,22–26,28,37,39. In fact, the first histological 
evidence of histopathological damage caused by Bti in A. aegypti was published by Charles &  Barjac19,20, who 
determined and described how at the first signs, the fastest evolution occurs in the midgut. They observed that 
it was completely lysed 25 min after the addition of the toxin, whereas the cells in the subsequent areas were 
much less altered at this stage. The cells of the proventriculus did not appear to undergo any change, and the 
peritrophic membrane continued to be secreted without observable change. Lüthy &  Wolfersberger28 reported 
that intracellular histopathological changes take place very fast, within a time frame of five to ten minutes. These 
are fully consistent with our observations as at 30 min after exposure to Bti we observed lysis of the midgut 
epithelial walls, clearly visible as conspicuous openings. Moreover,  Clark37 described that after Bti exposure the 
epithelial cells present a degraded aspect with cytoplasmic extraction, an increase of cellular volume, secretory 
vesicles and vacuoles. In summary, damage consisted of holes and blisters in the membrane, with separation of 
cells, which is fully consistent with what we observed by micro-CT after progressive exposure to Bti.

Both the Cry and Cyt protein families produced by Bt have activity against insects of different orders by alter-
ing membranes. Specifically, Cyt toxins directly interact with membrane  lipids6, affecting membrane permeability 
in insect cell lines, while Cry toxins kill cells by forming pores after receptor recognition and binding, leading to 
cell death by colloid osmotic  lysis28,58. In our study, we observed the combined effect of both types of toxins, as 
Bti 4Q5 produces three Cry toxins (Cry4Aa, Cry4Ba and Cry11Aa) and one Cyt protein (Cyt1Aa), with possible 
production of Cyt2Ba, Cry1Ca and  Cry10Aa59.

From a macroscopic point of view, after Bti exposure, alterations in the midguts result in osmotic shock and 
an accumulation of water in the larval body, creating empty space between the cuticle and internal structures, 
and the observed deformation of the abdomen that becomes roughly circular in section.

Regardless of the mechanisms that have been postulated in recent years as different models for lysis and 
cell death, currently the damage caused by the degradation of the epithelial walls of the digestive tract has been 
considered the main reason for the death of the larvae. Thus, traditionally, it has been considered that this 
destruction of the gut leads to the rapid cessation of feeding and subsequent death of the insect by  inanition59. 
However, at least in Ae. Agypti’s case, gut malfunction and inanition could not produce death in such a short 
period of time. Moreover, the intestinal membrane is destroyed as the release of alkaline gastric juices into the 
hemolymph changes the pH and alkalinizes it. In insects, these changes have been shown to affect the functioning 
of the nervous system, even producing  paralysis60. This is congruent with our observations. Thus, the collapse of 
cells and consequent damage of organs, alterations to the nervous system affecting movements and in extreme 
cases paralysis, certainly compromise the normal movements of the larvae towards the water surface and the 
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proper positioning of the breathing siphon for gas exchange. In addition, the collapse of the tracheal trunks, first 
observed in this study, would certainly imply death due to a synergy of factors, including difficulty performing 
gas exchange correctly.

Conclusions
The use of the micro-CT technique enabled us to make a complete reconstruction of the anatomy of fourth 
instar larvae of the yellow fever mosquito species A. aegypti, locating the actual position of internal structures 
and organs and comparing internal anatomical structures of healthy larvae with others after different times 
of exposure to Bti and comparing evidence of the damages. We also include detailed 3D micro-CT rendered 
images and Supplementary Video S1. This work represents the first complete micro-CT reconstruction of the 
internal anatomy of fourth instar larvae of A. aegypti, showing the damage caused by the action of Bti, such as 
the thickening of the epithelial cells of the midgut (enterocytes), the appearance of vesicles (vacuoles) and the 
separation of the cells generating the openings (holes and slits) that appear in the midgut minutes after exposure 
to Bti. These findings were consistent with the phenomena first described and illustrated by means of histological 
sections observed on slides. However, micro-CT has allowed us to obtain high quality rendered images of details 
of the larvae, some of which are equivalent to those previously obtained by optical microscopy, but we could 
see the entire animals instead of part of the larvae, with totally new perspectives of the 3D structures within the 
whole specimens.

Cell lysis alters different tissues and organs, with likely changes in the pH of the haemolymph by the release 
of gastric juices from the intestine. This would affect the normal functioning of the nervous system, producing 
the already known effect on the motility of the larvae. It would make it difficult for the larvae to reach the water 
surface and position the respiratory siphon in a correct way to break the surface tension of the water. These 
factors, together with the fact that micro-CT has shown that Bti produces an osmotic shock, creating extensive 
empty space and a collapse of the dorsal tracheal trunks, would certainly explain the death of the larvae, not by 
inanition as previously stated, but due to synergistic catastrophic multifactor processes. In addition, asphyxia 
would occur due to lack of adequate gas exchange. The approach used and the results obtained here open new 
perspectives for further research and prove that Micro-CT represents a strong methodology, not only to study 
insect anatomy but also to study the pathogenic effect of entomopathogens toward insects.

Data availability
The datasets generated and analyzed during the course of the study are available from J.A.-T. upon reasonable 
request.

Received: 13 January 2023; Accepted: 17 May 2023

References
 1. Ibrahim, M. A., Griko, N., Junker, M. & Bulla, L. A. Bacillus thuringiensis: A genomics and proteomics perspective. Bioeng. Bugs 

1, 31–49 (2010).
 2. Berliner, E. Ãœber die schlafsucht der mehlmotten-raupe. Z. Gesamte Getreidewes 3, 63 (1911).
 3. Berliner, E. Über die Schlafsucht der Mehlmottenraupe (Ephestia kuhniella Zell.) und ihren Erreger Bacillus thuringiensis, n.sp. Z. 

Angew. Ent. 2, 29 (1915).
 4. Mullaney, E. G. Bacillus thuringiensis | bacterium | Britannica. Britannica https:// www. brita nnica. com/ scien ce/ Bacil lus- thuri ngien 

sis (2016).
 5. Damgaard, P. H. Natural occurrence and dispersal of Bacillus thuringiensis in the environment. In Entomopathogenic Bacteria: 

From Laboratory to Field Application (eds Charles, J.-F. & Delécluse, A.) 23–40 (Kluwer Academic Publishers, 2000).
 6. Bravo, A., Gill, S. S. & Soberón, M. Mode of action of Bacillus thuringiensis Cry and Cyt toxins and their potential for insect control. 

Toxicon 49, 423 (2007).
 7. Palma, L., Muñoz, D., Berry, C., Murillo, J. & Caballero, P. Bacillus thuringiensis toxins: An overview of their biocidal activity. 

Toxins (Basel) 6, 3296–3325 (2014).
 8. Kumar, P., Kamle, M., Borah, R., Mahato, D. K. & Sharma, B. Bacillus thuringiensis as microbial biopesticide: Uses and application 

for sustainable agriculture. Egypt J. Biol. Pest Control 31, 1–7 (2021).
 9. Vachon, V., Laprade, R. & Schwartz, J. L. Current models of the mode of action of Bacillus thuringiensis insecticidal crystal proteins: 

A critical review. J. Invertebr. Pathol. 111, 1–12 (2012).
 10. Brar, S. K., Verma, M., Tyagi, R. D. & Valéro, J. R. Recent advances in downstream processing and formulations of Bacillus thur-

ingiensis based biopesticides. Process Biochem. 41, 323–342 (2006).
 11. Angus, T. A. A bacterial toxin paralyzing silkworm larvae. Nature 173, 545–546 (1954).
 12. Angus, T. A. & Heimpel, A. M. Inhibition of feeding, and blood pH changes, in lepidopterous larvae infected with crystal-forming 

bacteria. Can. Entomol. 91, 352–358 (1959).
 13. Domínguez-Arrizabalaga, M., Villanueva, M., Escriche, B., Ancín-Azpilicueta, C. & Caballero, P. Insecticidal activity of Bacillus 

thuringiensis proteins against coleopteran pests. Toxins 12, 430. https:// doi. org/ 10. 3390/ toxin s1207 0430 (2020).
 14. De Barjac, H. Une nouvelle varieté de Bacillus thuringiensis var. israelensis, serotype H-14. C. R. Acad. Sci. 286, 787–800 (1978).
 15. Goldbreg, L. J. & Margalit, J. Potential application of a bacterial spore, ONR-60A to mosquito larval control: demonstrated rapid 

larval activity against Anopheles sergentii, Uranolaenia unquiculala, Culex univitlatus, Aedes aegypti and Culex pipiens (complex). 
Mosq. News 37, 355–358 (1977).

 16. Osman, G. E. H. et al. Bioinsecticide Bacillus thuringiensis a comprehensive review. Egypt. J. Biol. Pest Control 25, 271–288 (2015).
 17. Lacey, L. A. Bacillus thuringiensis serovariety israelensis  and Bacillus sphaericus for mosquito control. J. Am. Mosq. Control Assoc. 

23, 133–163. https:// doi. org/ 10. 2987/ 8756- 971x(2007) 23[133: btsiab] 2.0. co;2 (2007).
 18. De Barjac, H. Étude cytologique de l’action de Bacillus thuringiensis var israelensis sur larves de moustique. C. R. Acad. Sci. Paris 

286, 1629–1632 (1978).
 19. Charles, J. C. & De Barjac, H. Histopathologie de l’action de la δ-endotoxine de Bacillus thuringiensis var. israelensis sur les larves 

d’Aedes aegypti (Dip.: Culicidae). Entomophaga 26, 203–212 (1981).
 20. Charles, J. F. & de Barjac, H. Action des cristaux de Bacillus thuringiensis var israelensis sur l’intestin moyen des larves de Aedes 

aegypti L., en microscopie électronique. Ann. Inst. Pasteur Microbiol. 134, 197–218 (1983).

https://www.britannica.com/science/Bacillus-thuringiensis
https://www.britannica.com/science/Bacillus-thuringiensis
https://doi.org/10.3390/toxins12070430
https://doi.org/10.2987/8756-971x(2007)23[133:btsiab]2.0.co;2


9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:8759  | https://doi.org/10.1038/s41598-023-35411-1

www.nature.com/scientificreports/

 21. Lahkim-Tsror, L., Pascar-Gluzman, C., Margalit, J. & Barak, Z. Larvicidal activity of Bacillus thuringiensis subsp. israelensis, serovar 
H14 in Aedes aegypti: Histopathological studies. J. Invertebr. Pathol. 41, 104–116 (1983).

 22. Mohsen, Z. H., Al-Chalabi, B. M. & Mehdi, M. S. Midgut histopathology in Culex quinquefasciatus say treated with Bacillus thur-
ingiensis H-14 and-Bacillus sphaericus 2362. J. Biol. Sci. Res. 18, 219–228 (1987).

 23. Yu, C. Histopathological effects of delta-endotoxin of Bacillus thuringiensis on the midgut epithelial cells of mosquito larvae Culex 
pipiens pallens. Korean J. Appl. Entomol. 19, 131–141 (1989).

 24. Lee, H. H., Lee, K. K. & Lee, M. W. Ultrastructure of midgut cells of Culex pipiens larvae ingested by Bacillus thuringiensis var. 
israelensis (HL-75) insecticidal endotoxin. Korean J. Entomol. 21, 11–17 (1991).

 25. Rey, D., Long, A., Pautou, M. P. & Meyran, J. C. Comparative histopathology of some Diptera and Crustacea of aquatic alpine 
ecosystems, after treatment with Bacillus thuringiensis var. israelensis. Entomol. Exp. Appl. 88, 255–263 (1998).

 26. Silva, V. C. et al. Histology and ultrastructure of Aedes albopictus larval midgut infected with Bacillus thuringiensis var. israelensis. 
Microsc. Res. Tech. 71, 663–668 (2008).

 27. Lüthy, P. & Ebersold, H. R. Bacillus thuringiensis delta-endotoxin: Histopathology and molecular mode of action. In Pathogenesis 
of Invertebrate Microbial Diseases (ed. Davidson, E. W.) 235–267 (Allanheld, Osmun & Co. Publishers, 1981).

 28. Lüthy, P. & Wolfersberger, M. G. Pathogenesis of Bacillus thuringiensis toxins. In Entomopathogenic Bacteria: From Laboratory to 
Field Application (eds Charles, J.-F. & Delécluse, A.) 167–180 (Kluwer Academic Publishers, 2000).

 29. Snodgrass, R. E. The anatomical life of the mosquito. Smithson. Misc. Collect. 139, 87 (1959).
 30. Christophers, S. R. Aedes aegypti: The Yellow Fever Mosquito (Cambridge University Press, 1960).
 31. Lemos, A., Adam, F., Moura, K., Moraes, L. & Silva, O. Histological and histochemical characterization of the midgut of healthy 

Aedes aegypti Larvae. Annu. Res. Rev. Biol. 22, 1–15 (2018).
 32. Travers, R. S., Martin, P. A. & Reichelderfer, C. F. Selective process for efficient isolation of soil Bacillus spp. Appl. Environ. Microbiol. 

53, 1263–1266 (1987).
 33. Alba-Tercedor, J. & Alba-Alejandre, I. Comparing micro-CT results of insects with classical anatomical studies: The European 

honeybee (Apis mellifera Linnaeus, 1758) as a benchmark (Insecta: Hymenoptera, Apidae). Microsc. Anal. 3, 12–15 (2019).
 34. Paganin, D., Mayo, S. C., Gureyev, T. E., Miller, P. R. & Wilkins, S. W. Simultaneous phase and amplitude extraction from a single 

defocused image of a homogeneous object. J. Microsc. 206, 33–40 (2002).
 35. Alba-Tercedor, J. From the sample preparation to the volume rendering images of small animals: A step by step example of a 

procedure to carry out the micro-CT study of the leafhopper insect Homalodisca vitripennis (Hemiptera: Cicadellidae). In Bruker 
Micro-CT Users Meeting 2014 260–288 (Bruker- microCT-Skyscan, 2014).

 36. Knowles, B. H. Mechanism of action of Bacillus thuringiensis insecticidal δ-endotoxins. Adv. Insect Physio. 24, 275–308 (1994).
 37. Clark, T. M., Hutchinson, M. J., Huegel, K. L., Moffett, S. B. & Moffett, D. F. Additional morphological and physiological heteroge-

neity within the midgut of larval Aedes aegypti (Diptera: Culicidae) revealed by histology, electrophysiology, and effects of Bacillus 
thuringiensis endotoxin. Tissue Cell 37, 457–468 (2005).

 38. Leite, A. C. C. F. et al. Grandisin caused morphological changes larval and toxicity on Aedes aegypti. Rev. Bras. Farmacogn. 22, 
517–521 (2012).

 39. Lavarías, S., Arrighetti, F. & Siri, A. Histopathological effects of cypermethrin and Bacillus thuringiensis var. israelensis on midgut 
of Chironomus calligraphus larvae (Diptera: Chironomidae). Pestic Biochem. Physiol. 139, 9–16 (2017).

 40. Ravichandran, N. K. et al. Non-destructive analysis of the internal anatomical structures of mosquito specimens using optical 
coherence tomography. Sensors (Switzerland) 17, 1897 (2017).

 41. Alba-Tercedor, J. & Bartomeus, I. Micro-CT as a tool straddling scientist research, art and education. Study of Osmia sp., a mason 
bee (Insecta, Hymenoptera: Megachilidae). Bruker Micro-CT Users Meet. 2016, 74–91 (2016).

 42. Godunko, R. J., Alba-Tercedor, J., Grabowski, M., Rewicz, T. & Staniczek, A. H. Cenozoic origins of the genus Calliarcys (Insecta, 
Ephemeroptera) revealed by Micro-CT, with DNA barcode gap analysis of Leptophlebiinae and Habrophlebiinae. Sci. Rep. 12, 1–17 
(2022).

 43. Alba-Tercedor, J., Hunter, W. B. & Alba-Alejandre, I. Using micro-computed tomography to reveal the anatomy of adult Diaphorina 
citri Kuwayama (Insecta: Hemiptera, Liviidae) and how it pierces and feeds within a citrus leaf. Sci. Rep. 11, 1–30 (2021).

 44. Alba-Alejandre, I., Alba-Tercedor, J. & Hunter, W. B. Anatomical study of the female reproductive system and bacteriome of 
Diaphorina citri Kuwayama, (Insecta: Hemiptera, Liviidae) using micro-computed tomography. Sci. Rep. 10, 7161 (2020).

 45. Alba-Alejandre, I., Alba-Tercedor, J. & Vega, F. E. Anatomical study of the coffee berry borer (Hypothenemus hampei) using micro-
computed tomography. Sci. Rep. 9, 1–16 (2019).

 46. Alba-Alejandre, I., Alba-Tercedor, J. & Vega, F. E. Publisher Correction: Anatomical study of the coffee berry borer (Hypothenemus 
hampei) using micro-computed tomography. Sci. Rep. 9, 1–16 (2019).

 47. Alba-Tercedor, J., Alba-Alejandre, I. & Vega, F. E. Revealing the respiratory system of the coffee berry borer (Hypothenemus hampei; 
Coleoptera: Curculionidae: Scolytinae) using micro-computed tomography. Sci. Rep. 9, 1–17 (2019).

 48. Alba-Alejandre, I., Hunter, W. B. & Alba-Tercedor, J. Micro-CT study of male genitalia and reproductive system of the Asian citrus 
psyllid, Diaphorina citri Kuwayama, 1908 (Insecta: Hemiptera, Liviidae). PLoS ONE 13, 1–11 (2018).

 49. Alba-Tercedor, J., Hunter, W. B., Cicero, J. M. & Sáinz-Bariáin, M. Use of micro-CT to elucidate details of the anatomy and feeding 
of the Asian Citrus Psyllid Diaphorina citri Kuwayama, 1908 (Insecta:Hemiptera, Lividae). In Bruker Micro-CT Users Meeting 2017 
270–285 (Bruker micro-CT-Skyscan, 2017).

 50. Alba-Tercedor, J. & Alba-Alejandre, I. Comparing micro-CT results of insects with classical anatomical studies: The European 
honey bee (Apis mellifera Linnaeus, 1758) as a benchmark (Insecta: Hymenoptera, Apidae). In Bruker Micro-CT Users Meeting 
2017 147–167 (Bruker micro-CT, 2017).

 51. Alba-Tercedor, J. & Sánchez Almazo, I. The use of micro-CT for the study of eggs and development in insects: a comparison of 
two microtomographs. Microsc. Anal. 130, 7–10 (2014).

 52. Alba-Tercedor, J. Microtomografías de invertebrados. Investig. Cienc. 452, 42–43 (2014).
 53. Alba-Tercedor, J. Study of the anatomy of the common housefly Musca domestica Linnaeus, 1758 (Insecta: Diptera, Muscidae) 

scanned with the Skyscan 1172 high resolution micro-CT. Bruker Micro-CT Users Meet. 2013, 275–289 (2013).
 54. Alba-Tercedor, J. & Sánchez Almazo, I. Looking beyond the small: micro-CT study of eggs and development in insects: comparison 

of the results obtained with the Skyscan 1172 and the attachment for SEM microtomographs. Bruker Micro-CT Users Meet. 2013, 
102–110 (2013).

 55. Alba-Tercedor, J. Studying the anatomy of wet specimens of mayflies of the genus Baetis (Insecta: Ephemeroptera) by scanning 
them into a liquid with the Skyscan 1172 high resolution micro-CT. SkyScan Micro-CT Users Meet. 2012, 192–195 (2012).

 56. Alba-Tercedor, J. & Sáinz-Cantero Caparrós, C. E. Volume rendering reconstructions of the anatomy of small aquatic beetles 
(Insecta: Coleoptera) scanned with the Skyscan 1172 high resolution micro-CT. SkyScan Micro-CT Users Meet. 2012, 75–84 (2012).

 57. Alba-Tercedor, J. & Sáinz-Cantero Caparrós, C. E. Studying aquatic insects anatomy with the SkyScan 1172 high-resolution micro-
CT. SkyScan User Meet. 2010(2), 8–11 (2010).

 58. Knowles, B. H. & Ellar, D. J. Colloid-osmotic lysis is a general feature of the mechanism of action of Bacillus thuringiensis delta-
endotoxins with different insect specificities. Biochim. Biophys. Acta 924, 509–518 (1987).

 59. Heckel, D. G. How do toxins from Bacillus thuringiensis kill insects? An evolutionary perspective. Arch. Insect Biochem. Physiol. 
104, 1–12 (2020).



10

Vol:.(1234567890)

Scientific Reports |         (2023) 13:8759  | https://doi.org/10.1038/s41598-023-35411-1

www.nature.com/scientificreports/

 60. Cerstiaens, A. et al. Effect of Bacillus thuringiensis Cry1 toxins in insect hemolymph and their neurotoxicity in brain cells of 
Lymantria dispar. Appl. Environ. Microbiol. 67, 3923–3927 (2001).

Acknowledgements
This paper benefited from funding from the Consejería de Universidad, Investigación e Innovación of Junta de 
Andalucia (Spain) and FEDER Programe through the research projects: “Caracterización de variantes de toxinas 
Cry activas frente a la Mosca de la Fruta del Mediterráneo (Ceratitis capitata) obtenidas mediante la tecnología del 
despliegue de proteínas en fagos” (B-BIO-081-UGR18) and “Búsqueda de nuevas toxinas Cry con actividad frente 
al ectoparásito de la abeja Varroa destructor mediante la evolución in vitro de proteínas y la técnica del despliegue 
de proteínas en fago” (A-BIO-424-UGR20), led by Dr. Susana Vilchez. We thank the staff of Bruker SkyScan in 
Kontich (Belgium) for their effectiveness and fast support, for their constant improvements to the software and 
for implementing the new options we requested. In this respect, we are especially indebted to Alexander Sasov 
(now at NeoScan www. neosc an. com), Stephan Boons, Xuan Liu, Phil Salmon and Vladimir Kharitonov. We are 
grateful to Dr. Colin Berry from the University of Cardiff for providing A. aegypti eggs and the Bti 4Q5 strain.

Author contributions
Conceived and designed the experiments: S.V. Performed the Bti exposure experiments: SV. Sample preparation, 
micro-CT scan, software treatment to get rendered images, plates of figures, and Supplementary Video prepara-
tion: J.A.-T. Analysis and interpretation of results: J.A.-T., S.V. Wrote the paper: J.A.-T., S.V.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 35411-1.

Correspondence and requests for materials should be addressed to J.A.-T. or S.V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://www.neoscan.com
https://doi.org/10.1038/s41598-023-35411-1
https://doi.org/10.1038/s41598-023-35411-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Anatomical damage caused by Bacillus thuringiensis variety israelensis in yellow fever mosquito Aedes aegypti (L.) larvae revealed by micro-computed tomography
	Materials and methods
	Bacterial strains growth conditions. 
	Larval rearing and bioassay. 
	Specimen preparation and CT scanning conditions. 

	Results
	Discussion
	Conclusions
	References
	Acknowledgements


