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Identification of the resistance mechanism of insects against Bacillus thuringiensis Cry1A toxin is becom-
ing an increasingly challenging task. This fact highlights the need for establishing new methods to further
explore the molecular interactions of Cry1A toxin with insects and the receptor-binding region of Cry1A
toxins for their wider application as biopesticides and a gene source for gene-modified crops. In this con-
tribution, a quantum dot-based near-infrared fluorescence imaging method has been applied for direct
dynamic tracking of the specific binding of Cry1A toxins, CrylAa and CrylAc, to the midgut tissue of silk-
worm. The in vitro fluorescence imaging displayed the higher binding specificity of CrylAa–QD probes
compared to CrylAc–QD to the brush border membrane vesicles of midgut from silkworm. The in vivo
imaging demonstrated that more CrylAa–QDs binding to silkworm midgut could be effectively and dis-
tinctly monitored in living silkworms. Furthermore, frozen section analysis clearly indicated the broader
receptor-binding region of Cry1Aa compared to that of Cry1Ac in the midgut part. These observations
suggest that the insecticidal activity of Cry toxins may depend on the receptor-binding sites, and this
scatheless and visual near-infrared fluorescence imaging could provide a new avenue to study the resis-
tance mechanism to maintain the insecticidal activity of B. thuringiensis toxins.

� 2013 Elsevier Inc. All rights reserved.
Biopesticides are one of the most important tools for establish-
ing an integrated pest management program, which is seen as a
significant factor in promoting sustainable agriculture. Various
Bacillus thuringiensis (Bt) formulations have been widely used as
biopesticides, and genetically modified crops carrying Cry genes
have been developed [1,2]. Bt, a gram-positive bacterium, produces
many kinds of insecticidal crystal proteins [3], including Cry1A,
Cry1B, Cry1C, and so on. Cry toxins are expressed in inclusion
bodies as protoxins (70 to 140 kDa) during sporulation. The crystal
protoxins ingested by target insects are dissolved in the highly
alkaline gut juice and activated by proteases. After enzymatic acti-
vation, the toxic protease-resistant fragment, which is the 60- to
65-kDa activated toxin, binds to specific receptors located in the
midgut tissue of host insects to cause the insect’s death [4–7].
However, the widespread adoption of Bt biopesticides and trans-
genic crops has increased the evolution of resistance by pests
and poses threats to the continued success of Bt biopesticides
and crops [8–10]. To continue use of the environmentally friendly
biopesticide, it is of great concern to clearly understand the bind-
ing of the activated Bt toxin to a specific midgut receptor, which
is a key factor for insecticidal activity. Therefore, to understand
what actually determines insecticidal activity, it is necessary to
establish a new analytical method for the binding process of Cry1A
toxin to the insect midgut tissue. The silkworm is sensitive to
Cry1Aa and Cry1Ac, and compared to other Lepidoptera insects,
the midgut of silkworm is easier to extract [11,12]. The receptors
and the molecular mode of action of Cry1A have also been studied
in silkworm by Sato’s laboratory [13–16]. Thus, silkworm was se-
lected as a model insect to evaluate and validate the detection
method for the binding sites. Even though there are reports that
Cry1Aa is more highly insecticidal than Cry1Ac, it is still unsure
whether the loss of insecticidal activity is derived from a reduction
in the receptor-binding sites [5,10,17–20]. Hence it is very neces-
sary to conduct more detailed research in the receptor-binding re-
gion to provide a reliable explanation of the different insecticidal
activities between Cry1Aa and Cry1Ac.

The current research methods concerning Bt toxin binding to
midgut tissue include ligand and Western blot analyses, surface
plasmon resonance, radioiodination, and so on [21–25]. These ana-
lytical methods for the interactions between Cry toxin and insects
have been conducted with in vitro systems, such as cultured cells
and tissues. However, it is very difficult to acquire information as
close as possible to intact binding, because the extraction by deter-
gent is very artificial and various proteins that are involved in the
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toxin binding region may lose their integrity [21]. Therefore, to
avoid these drawbacks, it is highly desirable to exploit direct,
scatheless, and visualized diagnoses for dynamically monitoring
the complete course of the Cry1Aa and Cry1Ac toxins binding to
their in vivo targets.

Near-infrared (NIR) fluorescence imaging has attracted intense
attention because of its minimized biological autofluorescence
background and the increased penetration of excitation and emis-
sion light through tissues in the NIR wavelength window (650–
900 nm) [26,27]. Quantum dots (QDs) hold great promise as NIR
material and are attracting more and more attention for their po-
tential application in cell imaging and in vivo animal targeting
[28]. He et al. [29] initially used water-dispersed NIR QDs for
real-time in vivo tumor targeting. Recently, our research group suc-
cessfully applied folic-acid-functionalized NIR QDs for visually ac-
tive-targeting tumor in vivo [27]. The high-resolution images of the
real-time and dynamic tumor targeting in vivo could be observed
clearly. Therefore, NIR fluorescence imaging in living silkworm is
proposed as a new method for real-time and dynamical tracking
of Cry1Aa and Cry1Ac toxin binding.

The purpose of this paper is to report a NIR fluorescence imag-
ing-based method for investigating the Cry1Aa- and Cry1Ac-spe-
cific binding and dynamic targeting in living silkworms in real
time. The principle of our work is schematically represented in
Fig. 1. First, we prepared the Cry1A–QD probes using a 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and
Fig.1. Schematic illustration of the QDs functionalized with Cr
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) conjugation
strategy and implemented characterizations for the conjugation.
Then, the prepared NIR probes were used for both in vitro and
in vivo imaging. We investigated the specific binding and targeting
ability of prepared probes in vivo. Finally, it is worth mentioning
that the fluorescence imaging of frozen sections reflected the dis-
tribution of binding sites of Cry1Aa and Cry1Ac. It is considered
that NIR fluorescence imaging could provide information for fur-
ther study of the mechanism of Cry toxin action in detail and a
more precise mechanism of pest resistance.

Materials and methods

Materials

The silkworm eggs were purchased from Shandong Guangtong
Silkworm Holdings Ltd. The Bt toxic proteins Cry1Aa and Cry1Ac
were purchased from Envirologix. 4-(2-Aminoethyl)benzenesulfo-
nyl fluoride hydrochloride (AEBSF), mannitol, and ethylene glycol
bis(2-aminoethyl) tetraacetic acid (EGTA) were all purchased from
Sigma. EDC and sulfo-NHS were purchased from Sigma. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
was purchased from Aldrich. Cells were obtained from the State
Key Laboratory of Agricultural Microbiology. All chemicals con-
cerned were of analytical grade or the highest purity available
and used without further purification. In addition, ultrapure water
y1A protein for visually active-targeting silkworm in vivo.



Fig.2. The characterization of the prepared NIR CdTe/CdS coresmall/shellthick QDs. (A)
The UV–Vis absorption spectra and PL spectra. (B) TEM image of NIR CdTe/CdS
coresmall/shellthick QDs.

92 Intravital imaging of Cry1A-QDs probes binding / N. Li et al. / Anal. Biochem. 447 (2014) 90–97
(Millipore) with a conductivity of 18 MX cm was used throughout
the experiments.
Instrumentation

Photoluminescence (PL) spectra and photostability of QDs were
performed on an FLS920 spectrometer (Edinburgh, UK). The nano-
Fig.3. (A) The photostability of the CdTe/CdS QDs in Na2CO3 buffer (pH 10.0) solution an
CdS QD solution placed in a 4 �C refrigerator for more than 3 months. (B) Cytotoxicity of Q
calculated by normalizing to the viability of the control (untreated) cells. The viability o
deviation of three measurements. (C and D) Characterization of conjugates. (C) AGE e
temperature; 1% agarose gel, 0.5� Tris/borate running buffer) of QDs and conjugates
conjugates. (D) Dynamic light scattering graphs for QDs and conjugates in Na2CO3 buffe
particle diameters were determined by dynamic light scattering
(DLS) with a Zetasizer Nano ZS nanoparticle size analyzer (Malvern
Instruments, UK). Transmission electron microscopy (TEM) images
were obtained using a JEM-2010FEF microscope (JEOL, Japan). Aga-
rose gel electrophoresis (AGE) was performed on a Beijing 61 DYY-
6C electrophoresis unit (Beijing, China). Fluorescence images were
recorded with a Nikon inverted CMS DM-4000M fluorescence
microscope (Nikon, Japan). In vivo images of the silkworms were
acquired using a CRi-Maestro2 in vivo imaging systems (PerkinEl-
mer, USA). Frozen sections were prepared using a Thermo Scien-
tific Cryotome E freezing microtome (Thermo Scientific, USA).

Incubation of silkworms

The purchased silkworm eggs were stored in the refrigerator at
4 �C. A moderate amount of silkworm eggs were taken out and
these silkworm eggs were incubated at 25 �C. About 2 weeks after
inoculation, the hatched larvae were fed with fresh mulberry
leaves. When grown to various age stages, the silkworms were
used for the following experiments.

Preparation of NIR CdTe/CdS coresmall/shellthick QDs

MPA-capped NIR CdTe/CdS coresmall/shellthick QDs were directly
prepared in aqueous solution according to the previously pub-
lished literature [30]. In brief, under an atmosphere of nitrogen,
0.0571 g of CdCl2�2.5H2O was dissolved in 50 ml of water, and
d PBS (pH 7.4). Inset: (a) bright-field image and (b) fluorescence image of the CdTe/
Ds at various concentrations after incubation with HeLa cells. The cell viability was
f the control cells was considered to be 1.0. The error bars represent the standard

lectrophoresis (the gel was run for 50 min at a constant voltage of 80 V at room
: lanes 1, QDs; 2, Cry1Aa–QD conjugates; 3, Cry1Ac–QD conjugates; 4, BSA–QD
r (pH 10.0) solution.



Fig.4. Microscopic images of BBMVs treated with QD-labeled (1) Cry1Aa, (2) Cry1Ac, (3) BSA, and (4) QDs. The upper images (A1–A4) show the fluorescence images of the
BBMVs and the lower images (B1–B4) show the optical images of the BBMVs. Bar, 100 lm.
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37 ll of MPA was added under stirring, followed by adjusting the
pH to 12 by adding 1.0 M NaOH dropwise. Then, the freshly pre-
pared 2 ml of NaHTe solution (2.0 � 10�5 mol) was injected into
the above solution. Afterward, the solution was aged at 4 �C over-
night and the small CdTe cluster solution was obtained. The NIR
CdTe/CdS coresmall/shellthick QDs were synthesized by further aging
the small CdTe cluster solution at 90 �C for 8 h. The final concentra-
tion of the purified QDs was about 0.5 mg/ml and they were stored
in a refrigerator at 4 �C.

MTT assay of cell viability

The MTT assay was carried out following a previously published
method [31]. After cells were treated in the absence or presence of
varying concentrations of CdTe/CdS QDs (0.25 to 25 lg/ml), the
culture medium was removed and replaced with fresh medium
(100 ll/well) and 20 ll/well MTT stock, followed by incubation
for 4 h at 37 �C. The medium was removed and the remaining at-
tached cells were rinsed with phosphate-buffered saline (PBS;
100 ll/well), then the cells were lysed and formazan was dissolved
in dimethyl sulfoxide (100 ll/well). Absorbance was measured at
570 nm using an enzyme-linked immunosorbent detector. All
measurements were done in duplicate in three independent exper-
iments. To obtain complementary evidence, the biochemical assays
of viability were confirmed via bright-field microscopy.

Conjugation of Bt toxin proteins with NIR QDs

First, 1 ml of 0.5 mg/ml QD solution was mixed with 50 ll of
50 mM EDC and 50 ll of 25 mM sulfo-NHS in PBS solution (pH
7.4). After 30 min of magnetic stirring, 1 ml of Cry1Aa (0.5 mg/ml
solution in Na2CO3 buffer) was added to the reactor bottle and stir-
red at room temperature for another 4 h and then kept overnight in
the refrigerator at 4 �C. A similar procedure using Cry1Ac or bovine
serum albumin (BSA) instead of Cry1Aa was applied to the synthe-
sis of Cry1Ac–QD or BSA–QD conjugates. After the coupling, the
unreacted material was removed by ultrafiltration using a 50-
kDa filter and three washes to obtain the Cry1Aa–QD, Cry1Ac–
QD, and BSA–QD conjugates. The resultant conjugates were redi-
spersed in Na2CO3 buffer (pH 10.0) to a final volume of 1 ml and
stored at 4 �C for further use.

Preparation of the brush border membrane vesicles (BBMVs)

BBMVs from the midgut of fifth-instar silkworm larvae were
prepared according to the method described by Wolfersberger
et al. [32,33]. A total of 20 fifth-instar silkworm larvae were dis-
sected behind the head and near the rear end. The midgut was
pulled out of the dissected body and rinsed in 0.15 M normal sal-
ine. The midguts mixed with liquid nitrogen were ground rapidly
in a ceramic mortar. The midgut homogenate was dispersed in a
volume of 2 ml (0.1 ml for each midgut) prechilled BBMV buffer
(0.3 M mannitol/5 mM EGTA/50 mM Tris–HCl, pH 8.0; 1 mM
AEBSF). An equal volume of cold 24 mM MgCl2 was added, and
the mixture was incubated on ice for about 15 min and then cen-
trifuged for 15 min at 4 �C (4800 rpm). The collected supernatant
was centrifuged again for about 50 min at 4 �C (13,000 rpm). After
centrifugation, the supernatant was removed and the centrifuge
tube was inverted on ice for 15 min. Then the prepared BBMVs
were washed three times with PBS (pH 7.4, containing 0.13 M NaCl
and 2.7 mM KCl) for 10 min each and were resuspended in PBS and
finally were stored at 4 �C.

Fluorescence microscopy of BBMVs interacting with QDs, Cry1Aa–QDs,
Cry1Ac–QDs, and BSA–QDs

For specific binding studies, 100 ll of the BBMVs was incubated
individually with 20 ll each of QDs, Cry1Aa–QD, Cry1Ac–QD, or
BSA–QD conjugates in PBS for 2 h at 4 �C and then washed with
PBS three times for 10 min each. Finally, the BBMV precipitate



Fig.5. In vivo NIR fluorescence imaging of the silkworm targeting of the (images a) control, (images b) QD, (images c) Cry1Aa–QD, and (images d) Cry1Ac–QD probes.
Spectrally unmixed in vivo fluorescence images of the silkworms at (1) 10 min, (2) 1 h, and (3) 3 h after being fed the probes are shown. The upper images (A1–A4) show the
distribution of the red fluorescent signal from probes and the lower images (B1–B4) show the distribution of fluorescence intensity from the probes. The autofluorescence of
the silkworms was removed by spectral unmixing of the images.
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was suspended in 100 ll of the buffer and sonicated for 30 s on ice.
The fluorescence of QDs bound to BBMVs was examined under a
fluorescence microscope.

In vivo fluorescence imaging of silkworm

One-day-old third-instar silkworms were fed a 20-ll dose of
probe per os (after 3 days without any food, a 20-ll drop of probe
solution was placed on a mulberry leaf and the silkworm was
forced to eat all the probe solution) and then placed in a petri dish
containing fresh mulberry leaves. At various time points (10 min,
1 h, 3 h) after the silkworms were fed the probe, the silkworms
were anesthetized by approximately 20 s exposure to diethyl ether
and fluorescence images of the silkworms were acquired using an
In Vivo imaging system.

Preparation and analysis of frozen sections

The frozen sections of the silkworms were prepared from 1-
day-old fifth-instar silkworms. At various times (10 min, 1 h, 3 h)
after treatment with 20 ll QD, Cry1Aa–QD, or Cry1Ac–QD probes
for the experimental group and without any treatment for the con-
trol group, these silkworms were separately put into liquid nitro-
gen for about 30 s and then sectioned at 10 lm under a freezing
microtome. The prepared sections were quickly observed and im-
aged using a fluorescence microscope.
Results and discussions

The prepared NIR CdTe/CdS QDs showed typical broad absorp-
tion spectra and narrow PL spectra with an emission peak at
702 nm (Fig. 2A). The TEM image revealed that the NIR-emitting
QDs were spherical particles with good monodispersibility
(Fig. 2B). As we all know, the photostability and cytotoxicity of fluo-
rescent probes are critically important for biological applications.
Owing to the pH of the alkaline midgut juice (10.0–11.0) [34,35],
the purified QDs were dispersed in Na2CO3 buffer (pH 10.0) solution
for in vitro and in vivo studies. As shown in Fig. 3A, it was found that
QDs in Na2CO3 buffer (pH 10.0) solution had a good photostability
(loss of PL <5%), which was much higher than that in PBS (pH 7.4)
after 180 min excitation with 380-nm UV irradiation. Also, there
was no agglomeration or any precipitation after storing at 4 �C for
more than 3 months (see Fig. 3A, images a and b). Prior to embarking
on the imaging studies on silkworm, we investigated the cytotoxic-
ity effects of CdTe/CdS QDs on HeLa cells using different concentra-
tions. As shown in Fig. 3B, the HeLa cell line maintained greater than
80% cell viability even after 24 h of treatment with QDs at concentra-
tion as high as 25 lg/ml, and HeLa cells exhibited no obvious mor-
phological changes at various concentrations (from 0.25 to 25 lg/
ml; Supplementary Fig. S1). The reason for the low cytotoxicity of
QDs may be that the thick shell could prevent the release of free
Cd2+ ions from the QD surface [36,37]. All of these results demon-
strated that the superior photostability and low cytotoxicity of the



Fig.6. Fluorescence microscopic images of the frozen sections of the midgut tissue from silkworm. Transverse sections of untreated and QD-treated, Cry1Aa–QD probe-
treated, and Cry1Ac–QD probe-treated worms after (A1–A4) 10 min, (C1–C4) 1 h, and (E1–E4) 3 h were observed in the dark field and (B1–B4, D1–D4, and F1–F4) in the bright
field. Arrowheads indicate the probes’ change in the midgut tissue. AM, apical membrane; BM, basement membrane; L, lumen; ML, mulberry leaves. Bars, 200 lm.
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NIR QDs made their use for long-term and real-time bioimaging
applications possible.

To use these photostable and biocompatible QDs as targeted
biological probes, we conjugated Cry1Aa, Cry1Ac, and BSA proteins
with QD 702 to produce Cry1Aa–QD, Cry1Ac–QD, and BSA–QD con-
jugates by the EDC/NHS conjugation strategy. The coupling effect,
particle size analysis, and fluorescence performance of the pro-
tein–QD probes before and after coupling were characterized. As
shown in Fig. 3C, the electrophoretic velocity of protein–QD conju-
gates was obviously lower than that of QDs, which confirmed that
Cry1Aa, Cry1Ac, and BSA molecules were successfully introduced
onto the surface of QDs. The reason for that was mainly due to
the Cry1Aa, Cry1Ac, and BSA proteins increasing the molecular
weight of the QDs and changing their charge density [38], thereby
hindering the movement of the conjugates on the gel plate. The re-
sults of DLS (Fig. 3D) and PL spectra (Supplementary Fig. S2) also
showed the successful coupling between the QDs and the proteins.
Importantly, the size-distribution histogram (Supplementary
Fig. S3) showed that the average sizes of the as-prepared NIR
QDs and QD-labeled conjugates were all less than 20 nm. In this
size range, the probes could get through the silkworm peritrophic
membrane (a layer of film secreted by midgut epidermal cells;
aperture is in the range of 20–30 nm) [39,40]. These results highly
indicated the potential of QD-labeled conjugates for in vivo
imaging.

To evaluate the specific binding of Cry1Aa–QD and Cry1Ac–QD
probes, the extracted BBMVs were incubated with QDs, Cry1Aa–
QD, Cry1Ac–QD, and BSA–QD conjugates. Fluorescence images of
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the BBMVs were compared. As illustrated in Fig. 4, Cry1Aa–QD
(Fig. 4A1 and B1) and Cry1Ac–QD (Fig. 4A2 and B2) probes both
exhibited strong red fluorescent signal, but the Cry1Aa–QD probes
binding to BBMVs showed higher fluorescence than Cry1Ac–QD,
which implied that more Cry1Aa–QD probes specifically bound
to BBMVs than Cry1Ac–QD. Meanwhile, the control studies using
BSA–QD probes (Fig. 4A3 and B3) and QDs (Fig. 4A4 and B4) indi-
cated that the amounts of QDs and BSA–QDs binding to BBMVs
were very limited. These results confirmed that the Cry1Aa–QD
and Cry1Ac–QD conjugates still retained the binding activity and
specificity of Cry1Aa and Cry1Ac to midgut tissue.

There have been many reports using extracted proteins and tis-
sues for probing the mode of action of Bt toxin binding in vitro
[5,13–20]. However, the acquired results would probably deviate
from the intact information. Here, a QD-based NIR fluorescence
imaging method was used to directly and dynamically track the
specific binding of CrylAa and CrylAc to the midgut tissue of the
silkworm. The probes in living silkworms were monitored by mea-
suring real-time in vivo NIR images to achieve intact tracking infor-
mation of CrylAa and CrylAc binding at multiple time points
(10 min, 1 h, 3 h). Fig. 5 shows the red fluorescent signals and
the change in fluorescence intensity distribution of these probes
in the midgut region during 3 h. As seen from Fig. 5A1–A3, the
strong red fluorescent signals were all over the silkworm body
10 min after feeding the probes. One hour later, the red fluorescent
signals principally concentrated in the midgut parts of the silk-
worm, as expected, but there were still many QDs, as a control
group stayed in the midgut parts. That was probably due to the
low ability to clean QDs totally from the living silkworm in a short
time. However, after 3 h, it was apparent that there was almost no
QD fluorescent signal in the midgut parts, but Cry1Aa–QD and
Cry1Ac–QD probes almost absolutely rested on the midgut region.
And the Cry1Aa–QD showed much stronger retention than the
Cry1Ac–QD. Meanwhile, the fluorescent signals of the probes from
silkworms were consistent with a characteristic about 704 nm
peak of the Cry1Aa–QD and Cry1Ac–QD probes and were obviously
different from the autofluorescence (Supplementary Fig. S4).

The silkworm models exhibited very strong fluorescent signals
in the midgut part, which indicated that the Cry1Aa–QD and
Cry1Ac–QD probes could target and home to midgut tissue within
3 h. Furthermore, the distribution of the fluorescent signal inten-
sity of probes targeting in vivo was similar to that of probes binding
to BBMVs in vitro, which further confirmed that Cry1Aa had more
binding to midgut than Cry1Ac. The results of in vivo imaging
raised a new approach for tracing the specific binding of Bt toxins
in vivo. The QD-based NIR in vivo imaging technique for living silk-
worms has several outstanding advantages: (1) compared with the
protein or BBMV extraction by detergent, it is scatheless for iden-
tification of target biomolecules; (2) this technique is also visual
and allows us to observe clearly the real-time midgut targeting
process of Cry1Aa and Cry1Ac without any extraction procedure.
Furthermore, the ability to exclude interference from autofluores-
cence gives our method considerable ability to take a full view of
how the action modes of Bt toxins affect their insecticidal activity.

To further investigate the specific labeling of Cry1Aa and
Cry1Ac binding sites by the Cry1Aa–QD and Cry1Ac–QD probes,
fluorescence images of the midgut sections of silkworms were
compared, and strong red fluorescent signal was observed on the
midgut sections. As shown in Fig. 6, red signal represents the
probes’ targeted sites, and the white arrows point out the targeted
regions of the probes. As seen from the characteristic red fluores-
cence of the probes, it was observed that the probes first located
on the apical membrane region (Fig. 6A1–A4). After an hour, most
of the QDs as a control group still rested on the apical membrane
region, while some Cry1Aa–QD and Cry1Ac–QD probes had trans-
ferred from the apical membrane areas to the basolateral regions
(Fig. 6C1–C4). Fig. 6F1–F4 show the distribution of probes after
3 h. It was seen that there was little red signal from QDs in the
midgut tissue, indicating the complete clearance of QDs by the
excretory system. Meanwhile, it was found that the red fluorescent
signals of CrylAa–QD probes were broader than those of CrylAc–QD
in the midgut tissue (Fig. 6F1–F4). The results show that Cry1Aa,
CrylAc binding sites are distributed mainly over the apical region
and basolateral regions of the midgut tissue, whereas CrylAa bind-
ing sites are spread more widely. The wide range of binding targets
observed for CrylAa suggests that CrylAa has a special structure
capable of recognizing a ubiquitous structure of various proteins.
Relatively, the limited binding sites for CrylAc show that CrylAc
toxin has recognition sites different from those of Cry1Aa. Thus,
there is a possibility that the difference in the binding site for tox-
ins could affect the insecticidal activity. These results further indi-
cate that the labeled QD probes could provide a new approach to
observe the process of Cry1Aa and Cry1Ac targeting and tracing
in vivo and verify the different binding patterns of Cry1Aa and
Cry1Ac to the silkworm midgut. The preliminary results shown
here are very encouraging and on the basis of the proposed new
method, further studies on the action mechanism of Bt toxins will
be under way.
Conclusions

In this study, the real-time midgut targeting and imaging in liv-
ing silkworm was first conducted using CrylA-conjugated QD
probes. For the first time, we applied NIR fluorescence imaging
in vivo to research the specific binding of CrylAa and CrylAc to
the midgut tissue of silkworm. It turned out that the broader bind-
ing sites of CrylAa could cause the different insecticidal activities of
CrylAa and CrylAc as seen by the fluorescence imaging of sections.
Therefore, this scatheless and visual imaging technique would be
able to visualize the effects of various membrane elements and
promises to have great potential of becoming a valid tool for pro-
moting the development of the molecular mechanism of insect
resistance to Bt toxins. It is hoped that an increased understanding
of the complex interplay between Cry toxins and their target
organisms will maintain the insecticidal ability of Cry toxins.
Simultaneously, the improvement of insecticidal activity will de-
pend on the mapping of the specificity binding regions in the Cry
toxins to some extent.
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