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Abstract  24 

The cultivation of genetically modified (GM) crops has grown rapidly worldwide. This 25 

has led to regulatory authorities implementing strict procedures to monitor and verify 26 

the presence and abundance of GM varieties in agricultural crops. 27 

Immunochromatographic strip tests have been employed for detection of transgenic 28 

proteins expressed in GM crops as rapid, reliable and cost-effective screening tools. In 29 

this study, we developed a novel and sensitive strip test assay, based on a sandwich 30 

format, for the identification of Cry1Ac and Cry8Ka5 transgenic proteins. We generated 31 

two monoclonal antibodies (mAb), namely 1B1 and 5H4, that bind with high specificity 32 

to Cry1Ac and Cry8Ka5 proteins. For development of strip tests, colloidal gold particles 33 

were coated with 1B1 mAb and used as detector reagent. The 5H4 mAb was sprayed at 34 

the test line of a nitrocellulose membrane to serve as a capture reagent and anti-species 35 

specific antibody were used at the control line. The strip test developed was capable of 36 

detecting 0.06µµµµg of Cry1Ac and Cry8Ka5 proteins.  For validation of strip test, GM and 37 

non-GM cotton leaf samples were employed. The results indicated that the strip test was 38 

capable of distinguishing between GM and non-GM cotton samples, offering potential 39 

for use as a rapid and cost-effective screening tool for insect-resistant GM crops 40 

expressing Cry1Ac and Cry8Ka5 proteins to control lepidopterans and coleopteran 41 

pests, respectively.   42 

Keywords: Strip test; GM crop detection; Cry1Ac protein; Cry8Ka5 protein; 43 

immunoassay.  44 

 45 
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 48 

Introduction 49 

Genetic transformation has become an important tool for crop improvement
1
. The 50 

application of engineering to food and feed crops is widely acknowledged as a useful 51 

tool for addressing global agricultural challenges of population growth and climate 52 

change
2
. Such agricultural biotechnology has been widely adopted by growers, with 53 

GM crop to date with insect resistance or herbicide tolerance traits requiring lower 54 

inputs and allowing flexibility in crop management strategies, whilst maintaining or 55 

increasing crop yield and quality 
3,4

.  56 

GM insect-resistant crops have been developed using specific genes isolated from the 57 

naturally occurring soil bacterium Bacillus thuringiensis (Bt)
5
. These genes encode 58 

specific insecticidal proteins known as Cry proteins
6
. The introduction of genetically 59 

engineered crops incorporating these insecticidal proteins has provided growers with an 60 

opportunity to reduce insecticide application required for management of lepidopteran, 61 

coleopteran and dipteran insect-pests
7,8

. To date, Bt cry genes have been widely applied 62 

in GM maize and cotton development
9
.  For example, in Brazil it is now possible to find 63 

at least 12 varieties of Bt cotton released for cultivation that express the Cry1Ac protein 64 

alone or fused to Cry 2Ab2 or Cry1F proteins
10

. Now, these GM cotton varieties mainly 65 

target the cotton bollworm Helicoverpa armigera.  In the case of the major coleopteran 66 

cotton boll weevil Anthonomus grandis, the mutant toxin Cry8Ka5, which offers 67 

increased activity against this pest, has recently been proposed for incorporation into 68 

this agribusiness commodity in Brazil
8, 11.

   69 

Given the rapid development of GM crops and their increased presence in food and 70 

feed, public concern over traceability, food safety and potential ecological 71 
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contamination is becoming widespread
12

. As such, there is an increasing demand for 72 

analytical methods for detection of introduced gene encoding DNA or their expressed 73 

protein(s) in transgenic plants
1,9

. Moreover, precise and accurate detection methods are 74 

a prerequisite for reliable control of GM crops in the agricultural market
13

. Various 75 

methodologies have been employed to detect the presence of GM materials in food
15-20

. 76 

Recently, the database GMO Detection methods (GMDD) was developed, which 77 

summarizes all GMO detection methods developed to date
20

. Commonly employed 78 

DNA-based methods include PCR, real-time PCR and DNA chip technology
18,19

, while 79 

protein-based methods include imuno-PCR
14

, mass spectrometry
15,16

 and near infrared 80 

(NIR) spectroscopy
17

. Although these methods are very accurate and sensitive, they are 81 

not cost-effective for large-scale analyses. While less expensive protein-based methods, 82 

such as enzyme linked immunosorbent assay (ELISA) and Western blot, also offer 83 

accuracy and sensitivity, these methods still have limitations, in that they require trained 84 

personnel and are unsuitable for on-site testing
22

.  85 

The immunochromatographic (IC) strip test is a well-established diagnostic tool
23

. This 86 

technology offers advantages in terms of speed, simplicity and cost-effectiveness when 87 

compared to the abovementioned detection methods
21

. Moreover, IC strip tests also 88 

offer convenience for on-site testing under field conditions by untrained personnel
24

. 89 

Although several IC strips are now commercially available for detection of transgenic 90 

events, no detection kits are available for GM crops carrying the Cry8ka5 protein. Thus, 91 

the goal of this study was to develop an IC strip for the simultaneous detection of the 92 

Cry1Ac protein, which is found in Bt crops approved for cultivation, and the Cry8Ka5 93 

mutant protein, which has been employed by our group in the development of 94 

transgenic cotton.    95 

 96 
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Materials and Methods 97 

 98 

Reagents and materials 99 

 Goat anti-mouse immunoglobulin G (IgG) conjugated to horseradish peroxidase 100 

(HRP), complete and incomplete Freund’s adjuvants, chloroauric acid (HAuCl4.3H2O), 101 

sodium citrate, polyethylene glycol 4000 (PEG 4000), hypoxanthine-aminopterine-102 

thymidine (HAT) medium, 4-nitrophenyl phosphate and mouse monoclonal antibody 103 

ISO2-1 kit were purchased from Sigma-Aldrich (St. Louis, MO, USA). RPMI1640 104 

medium with L-glutamine and HEPES, fetal bovine serum (FBS), penicillin, 105 

streptomycin and rabbit anti-mouse immunoglobulin IgG were purchased from Thermo 106 

Fisher Scientific (Rockvford, IL, USA). The HiTrap protein G HP affinity column was 107 

purchased from GE Healthcare (Uppsala, Sweden). Gelatin (blotting grade), 4-(4-108 

amino-3,5-dimethylphenyl)-2,6-dimethylaniline (TMB) and Protein assay were 109 

obtained from Bio Rad Laboratories (Hercules, CA, USA).  High-flow nitrocellulose 110 

membrane, sample pad, conjugate pad and absorbent pad were obtained from Millipore 111 

(Bedford, MA, USA). High Binding Flat-bottomed polystyrene microplates were 112 

obtained from Costar (Corning, MA, USA), and cell culture flasks and plates from TPP 113 

(St. Louis, MO, USA).  Murine myeloma Sp2/0-Ag14 cell lines were kindly provided 114 

by Dr. Sandra Farias from UFRGS, Rio Grande do Sul, Brazil. 115 

 116 

Instruments  117 

A XYZ 3050 Biostrip Dispenser and CM 4000 Cutter were purchased from Bio-Dot 118 

(Irvine, CA, USA). A Microplate Reader Spectra Max M2 was obtained from Molecular 119 

Devices Corp. (Sunnyvale, CA, USA).  120 
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Preparation of the Bt Cry1Ac and Cry8Ka5 toxins   121 

The Cry1Ac protein was produced by heterologous expression in E.coli JM109, 122 

transformed with the recombinant plasmid pKK223-3 containing the truncated cry1Ac 123 

gene of B. thuringiensis subsp hurstaki (HD73), according to the reported method
25

. 124 

The activation of Cry1Ac toxin was performed with trypsin 1:50 (w/w) for 2 h, at 37ºC. 125 

Cry8Ka5 protein production was performed by heterologous expression in E.coli BL 126 

21(DE3) containing the mutant gene inserted into plasmid pET101/D TOPO, as 127 

described by Oliveira
8
. 128 

All toxin samples were purified, identified by 12% SDS-PAGE, quantified via the 129 

Bradford method
26

 using BSA as a standard, and stored at -80ºC. 130 

 131 

Production of monoclonal antibodies (mAbs) 132 

Immunization  133 

 The Cry 1Ac protein was used as an immunogenic molecule for obtaining mAbs. 134 

Cry1Ac protein (250µg) was added to 0.25 mL sterilized PBS and emulsified with an 135 

equal volume of Freund´s complete adjuvant. The solution was applied via 136 

intraperitoneal injections in ten 8-week-old female Balb/c mice, during a three-week 137 

interval. Subsequent immunization (boosters) were applied with incomplete Freund’s 138 

adjuvant. Later, blood samples were removed from the caudal vein of the mice, at 139 

intervals after each booster, and then assayed by indirect ELISA for antibody titration.  140 

The mouse with the highest serum titration received a final intraperitoneal injection 141 

three days before cell fusion.  142 
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Experimental procedures were carried out strictly in accordance with the 143 

“Administrative Rules for Laboratory Animals in Brasília (DF) state’’ (2011), and were 144 

approved by The Animal Care and Use Committee of EMBRAPA Genetic Resources 145 

and Biotechnology (Brasília,  DF, Brazil). 146 

Cellular fusion and screening of hybridomas 147 

Cell fusion procedures were performed according to the reported method
27

, with 148 

modification.  Briefly, spleen cells from the immunized mice were isolated and fused 149 

with Sp2/0- Ag14 murine myeloma cell lines at a ratio of 1:10 in the presence of 1mL            150 

PEG 4000 solution (0.8 g mL
-1

). The fused cells were diluted with fresh HAT medium  151 

and  distributed into a 96-well culture plate.  After ten days, hybridoma supernatants   152 

were  analyzed by ELISA for the presence of  antibodies against activated Cry1Ac 153 

protein. Culture supernatants from the cells with highest absorption value were 154 

transferred  to  24-well  culture  plates and again tested. Only clones that maintained 155 

higher absorption in ELISA tests were  chosen for further selection. Cell suspensions 156 

from each well of the 24-well culture plate were diluted in order to obtain one cell per 157 

well, and distributed into a 96-well culture plate. Wells containing a single hybridoma 158 

were retained for antibody production and further characterization. These cloned 159 

hybridoma cells were introduced via  intraperitoneal injection  into Balb/c mice  160 

pretreated with injection of 0.3 mL pristane.  Resulting ascites were purified using a 161 

protein  A affinity column.   162 

 163 

ELISA assays 164 

96 well microplates were coated with 1 µg of Cry1Ac or Cry8Ka5 protein in coating 165 

buffer (0.05 M carbonate-bicarbonate, pH 9.6) and incubated at 4ºC overnight. 166 
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Microplates were washed three times with PBST buffer (PBS containing 0.05% (v/v) 167 

Tween 20, pH 7.4).  To block remaining sites on the wells, a blocking solution (PBST 168 

and 3% (w/v) gelatin) was used for 1 h at 37ºC. After subsequent washing, 100 µL of 169 

1:2000 dilution of each mAbs were added and incubated for 1 h at 37ºC.  The plate was 170 

repeatedly washed three times to remove unbound antibodies and then incubated with 171 

1:5000 dilution of goat anti-mouse IgG-HRP prepared in PBST (containing 1% gelatin). 172 

Microplates were incubated for 1h at 37ºC, 100µL of TMB solution added to each well, 173 

and then plates incubated for 10 min at room temperature.  The reaction was  stopped  174 

by the addition  of  50 µL 2 M sulfuric acid and absorbance values at 450 nm then 175 

determined. 176 

Mapping the binding region of mAbs to Cry1Ac protein 177 

The synthetic peptides (2.5µM): PT3b (PPRQGFSHRLSHV), PT4c 178 

(LGQGEYRTLSST), PT4d (IIRAPMFSWIHRSAE), PT5d (GTEFAYGTSPNL) and 179 

PT5e (FRRELTLTVLDI) were produced by the company GenScript (USA). These 180 

peptides were coupled to BSA according to the reported method
28

 , then incubated on a 181 

96 well microplate overnight at 4ºC.  The same way procedures were followed as 182 

described in ELISA assays.  183 

Sandwich ELISA  184 

96 well microplates were coated with 100 µL of capture antibody (mAb) at 1:2000 185 

dilution in coating buffer and incubated at 4ºC overnight. Following three repeat washes 186 

with PBST, each well was filled with 200 µL of blocking buffer and incubated at 37ºC  187 

for 1 h.  Afterwards, 1µg Cry1Ac protein was added and incubated at 37ºC for 1h. 188 

Following washing, 100 µL of the detection antibody (mAb) at 1:2000 dilution was 189 

added to each well and incubated at 37ºC for 1h. Washes were conducted as in the 190 
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previous step, 100 µL goat  anti-mouse IgG- HRP (1:5000 dilution in PBST containing 191 

1% gelatin) was then added to each well and incubated at 37ºC for 1h. Plates were 192 

washed again, and 100-µL TMB solution was finally added to each well. After color 193 

developing at room temperature for 10 min, the reaction was stopped with 50 µL of 2M 194 

H2SO4 and the absorbance value determined at 450 nm.  195 

 196 

Characterization of mAbs 197 

Isotypes of mAbs were obtained using an isotyping kit according to the manufacturer’s 198 

instructions. Analysis of the cross-reactivity (CR) of antibodies was performed by 199 

ELISA, using the Cr8Ka5 recombinant protein as antigen. The ELISA assay was 200 

employed as described previously.  201 

 202 

Preparation of colloidal gold labelling of the anti-Cry mAb 203 

Colloidal gold with a mean particle diameter of 40 nm was  produced by the reduction 204 

of gold chloride with 1% sodium citrate, as previously described  
29

. The probe was   205 

prepared as previously reported 
30 

with minor modifications. Prior to conjugation, the 206 

optimal pH and amount of antibody for conjugation were determined. Briefly, 150 µg of 207 

purified 1B1 mAb was added drop-wise onto 10 mL of a colloidal gold solution (pH 208 

9.0) with gentle stirring. The mixture was agitated for 1 h at room temperature using an 209 

overhead shaker. BSA was added to block any remaining free binding sites on the 210 

surface of the gold particles, and the solution was again incubated for 30 min at room 211 

temperature. Unbound proteins were removed by centrifugation (18,500 x g for 30 min, 212 

4 ºC), the pellet washed with deionized water and the mixture again centrifuged. After 213 
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removal of the supernatant, the pellet was dissolved in 2 mL of BSA solution at 2% and 214 

stored at 4 ºC until use.   215 

Preparation of the immunochromatographic (IC) test strip 216 

The test strip was prepared by applying 5H4 mAb (0.5 µg µL
-1

) and anti-mouse IgG 217 

(0.5 µg µL
-1

) to the nitrocellulose membrane at the test and control lines, respectively.  218 

With test and control lines separated by a distance of 5 mm, the reagents were applied in 219 

a dot format using a BioDot XYZ 3050 micro-brush at 1 µL cm-
1
. The total volume 220 

dispensed into the test and control line were 0.5 µL of solution. Therefore, each 221 

strip test contained 0.25 µg of 5H4 mAb and anti-mouse IgG into test and control 222 

line, respectively.  The coated membrane was then dried at 37 ºC for 30 min. 223 

Subsequently, the membrane was blocked with 2% BSA solution to prevent nonspecific 224 

adsorption and stored in a desiccator. For the conjugate pad, the airbrush equipment 225 

was calibrated to release 10 µL cm
-1

 of 1B1 mAb-gold conjugate. The initial 226 

solution of conjugate used as a detection reagent was at a concentration of 0.075 µg 227 

µL
-1

. For each strip test, the total volume dispensed was 5 µL, corresponding of 228 

0.375 µg of 1B1 mAb. After, the conjugate pad was then dried at 37 ºC for 30 min. The 229 

coated membrane, conjugate pad and absorbent pad were assembled and cut lengthways 230 

(5 mm x 70 mm) using a guillotine cutter. The sample pad (absorbent paper) and 231 

conjugate pads (glass-fiber membrane) were previously treated with blocking solutions 232 

(20 mM phosphate buffer, pH 7.4, containing 2% (w/v) BSA, 2.5% (w/v) sucrose, 0.3% 233 

(w/v) polyvinylpyrrolidone and 0.02% (v/v) sodium azide) and dried at 37 ºC overnight.    234 

 235 

IC strip in vitro test with Bt Cry1Ac and Cry8ka5 proteins  236 
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Purified Cry1Ac and Cry8Ka5 protein  samples (2.5 µg mL
-1

) were used to determine 237 

the sensitivity of the strips. The samples were prepared in 0.05 M carbonate-238 

bicarbonate, pH 9.6, buffer and 200µL of each sample, equivalent at a final 239 

concentration of 0.5 µg, were dispensed into wells of a micro plate.  Afterwards, each 240 

individual strips was dipped into test samples and left for 10 min.  241 

 242 

IC strip assay in cotton samples 243 

Cotton leaf samples for GM (Bollgard
®

), GM (developed by our team) and non-GM 244 

(Coker-312) were used to confirm the accuracy of the developed strip test. The GM and 245 

non-GM leaf disc samples were ground to a fine powder (100 mg) and homogenized 246 

with 1mL of extraction buffer (PBS with 0,05% (v/v) Tween-20 and 1% PVP-40 and 247 

0.032mg.mL
-1

 trypsin), according to the reported method
31

. The homogenate was 248 

agitated for 30 min and incubated at 37ºC for 1h. After, 22µL of 10mM 249 

phenylmethanesulfonylfluoride (PMSF) was added as the stop solution. These 250 

extracts were directly used for strip test evaluation. 200 µL of each sample was 251 

dispensed into micro plate wells, strips dipped into homogenates and incubated  at room 252 

temperature for 10 min.   253 

 254 

Statistical analyses 255 

Data were analyzed using GraphPad InStat™ (GraphPad software, V2.05). ANOVA 256 

analyses were performed using the Bonferroni posttest and Tukey’s multiple 257 

comparison tests with confidence intervals of 95%. Values of p<0.01 and p<0.05 were 258 

considered statistically significant.  259 
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 260 

Results and Discussion 261 

Recombinant proteins production   262 

SDS-PAGE profiles of Cry1Ac and Cry8Ka5 recombinant proteins after expression and 263 

purification are shown in Fig.1. The toxins presented the expected molecular mass (near 264 

70 kDa). The Image Master 2D platinum (v.7.0 GE Healthcare) software was used to 265 

estimate the relative percentage of purity of each protein obtained. For both Cry1Ac and 266 

Cr8Ka5 proteins, different batches following expression and purification presented 267 

relative purities, which ranged from 75% up to 95%. SDS-PAGE methodology is 268 

widely used by chemical companies for analysis of purity of commercialized proteins
11

.  269 

 270 

Production of Monoclonal Antibodies (mAbs)  271 

Antisera from immunized mice showed higher titer values in ELISA assays using 272 

Cry1Ac protein as antigen than in non-immunized mice. After fusion, cloning and 273 

ascites purification, five mAbs were obtained, identified as 1B1, 1B5, 5H4, 2E3 and 274 

3C10. The interaction of each mAb with Cry1Ac or Cry8Ka5 proteins was analyzed by 275 

ELISA (Fig.3). The results showed that all mAbs were highly specific to Cry1Ac and 276 

were able to recognize Cry8Ka5, with the exception of mAb 2E3. Therefore, this mAb 277 

not was used in subsequent assessments.  These results suggest that the specific mAbs 278 

are binding to conserved structures among these Cry toxins, as described previously
34

. 279 

Previous studies reported a monoclonal antibody produced against a Cry1Ab 280 

lepidopteran-specific toxin that also showed cross-reaction with a Cry9 coleopteran-281 

specific toxin
35. 

Several mAbs produced against peptide sequences from Cry toxins have 282 

been used to elicit the binding site of these proteins with their specific receptors
32,33,36

. It 283 
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is important to increase knowledge about the mode of action of Cry toxins for target 284 

insects. In this study, specific synthetic peptides of the binding region of the cadherin-285 

like receptor from Helicoverpa armigera (HaCad) to the Cry 1Ac protein (data no 286 

shown) were used for epitope mapping of mAbs produced. For this assay, the Cry1Ac 287 

protein was not previously activated because the PT5e peptide sequence is localized in 288 

the N-terminal domain found on truncated Cry 1Ac protein. As shown in Fig. 3, of the 289 

five peptides tested, only the PT4d and PT5d sequences to mAbs 1B1 and 5H4 showed 290 

a statically significant difference (P˂0.05). These finding suggest that the 1B1 and 5H4 291 

mAbs recognized different binding site on the Cry1Ac protein. To confirm these 292 

resulted a sandwich ELISA assay was performed. Pairwise mAbs combinations are 293 

shown in Fig.4. When the combination 5H4 mAb capture antibody and 1B1 mAb as 294 

second antibody was used, an increase in pairing occurred (P<0.05) greater than 295 

observed in other mAbs combinations. Hence, these two mAbs were selected and used 296 

for preparation of the strip test.   297 

 298 

Development and optimization of the strip test  299 

In this study, we developed a test strip based on a sandwich immunoassay format for 300 

qualitative detection of Cry1Ac and Cry8Ka5 proteins found in transgenic plants 301 

(Fig.5). The system in sandwich format employs two different antibodies that bind to 302 

distinct epitopes of the analyte. A labeled antibody is placed onto a glass-fiber 303 

membrane (conjugate pad) to serve as detector reagent and another antibody is sprayed 304 

at the test line of the nitrocellulose membrane to serve as capture reagent. A second 305 

antibody specific to recognize the first antibody is used to produce a control signal 
21

. 
 

306 
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As shown in Fig.6, the strip tests were placed into wells of micro plates carrying test 307 

samples and the test results interpreted as positive or negative based upon visual 308 

inspection. As the sample flowed sequentially through the detection antibody (1B1 309 

mAb) and the capture antibody (5H4 mAb), the Cry1Ac protein (Fig.6A) or Cry8Ka5 310 

(Fig.6B) accumulated on the test line, to reveal a visible red line. A second red line was 311 

also observed on the control line, indicating correct test performance. A solution 312 

containing only extraction buffer without trypsin was used as negative control.  With 313 

this solution, no color developed on the test line, indicating the absence of Cry1Ac or 314 

Cry8Ka5 proteins. These results indicated that the developed strip test enabled specific 315 

detection of Cry1Ac or Cry8Ka5 in GM samples, showing high sensitivity levels.  316 

 317 

Validation of strip test using GM cotton samples 318 

 Bollgard
®

 cotton (positive control) and Coker 312 (negative control) samples were 319 

previously identified by a commercial strip test produced by Envirolologix Inc. (data 320 

not shown). Cry1Ac and Cry8Ka5 toxin concentration levels from GM cotton leaf 321 

samples were estimated using a previous established standard curve (Fig.7A). The 322 

standard concentrations of Cry1Ac and Cry8Ka5 toxins (0 to 1 µg) resulted in a 323 

standard curve with good linearity of R
2
= 0.9714 and 0.9862, respectively.  The cotton 324 

plants developed by our team were analyzed by PCR assays (data not shown) and two 325 

positive plants (named plant 50 and 217) were further characterized by ELISA.  As 326 

shown in Fig.7B, only plant 50 showed a statically significant difference (P˂0.05) to 327 

non-GM cotton plant. Therefore, this plant was chosen for use in determining the 328 

accuracy of the strip test.   329 
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According to previous study reports 
37

, the level of expression of the Cry1Ac protein in 330 

terminal leaf tissues was estimated at 2.98 ng mg
-1

 or 2.98µg g
-1

 dry tissue. In this 331 

study, we used 100 mg (dry tissue) of total protein extraction from GM and non-332 

GM cotton leaves.  After extraction procedure, the estimate amount of the Cry1Ac 333 

and Cry8Ka5 transgenic proteins in the sample was of 0.298 µg mL
-1

.  For 334 

evaluation of the strip test, an aliquot of 200 µL of extract was used, giving an 335 

approximate concentration of 0.06 µg for Cry1Ac and Cry8Ka5. 336 

As show in Fig.8, two red lines were clearly visualized in the test and control line when 337 

all GM samples were applied to the strip test. This means that the strip test developed in 338 

this study reacts to Cry8Ka5 and Cry1Ac proteins found in these GM cotton samples 339 

(Fig8A and Fig.8B, respectively). As expected, only a strong red line on the control line 340 

was observed when the non-GM samples (Coker 312) were applied to the strip test.  341 

Currently, strip tests are commercially available to detect Bt transgenic proteins in GM 342 

cotton events used commercially to control lepidopterans 
22

. These events include 343 

Bollgard
® 

(expressing the Cry1Ac protein), Bollgard II
®

 (expressing the Cry1Ac and 344 

Cry2Ab proteins) and Widestrike
®

 (expressing Cry1Ac and Cry1F proteins). Now, 345 

however, no strip tests are available for detection of Bt Cry8Ka5 protein, which is used 346 

for the developed Brazilian GM cotton effective against the cotton boll weevil 347 

coleopteran insect pest, which is particularly harmful in Latin America 
8
. 348 

 349 

Conclusion  350 

In the present study, we developed a qualitative immunocromatographic strip test for 351 

detection of Cry1Ac and Cry8Ka5 proteins found on insect-resistant GM crops. Results 352 

showed that the strip test was sufficiently sensitive and accurate for detection of these 353 

Page 15 of 32 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



16 

 

proteins on GM cotton crops. Moreover, these results were obtained within 10 min 354 

without the need for expensive equipment or reagents. The strip test is applicable for 355 

use directly in the field, as a rapid and cost-effective screening tool for Cry1Ac or 356 

Cry8Ka5 protein detection in GM crops.   357 

 358 
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Fig.1. SDS-PAGE profiles of the heterologous expression products of Cry1Ac and 439 

Cry8Ka5 proteins. Lane 1: molecular mass marker (BenchMark™ Pre-Stained Protein 440 

Ladder, Invitrogen); lane 2: Before purification of Cry1Ac protein; lane 3: Before 441 

purification of Cry8Ka5 protein; lane 4: Cry 1Ac toxin after trypsinization and dialysis; 442 

lane 5: Cry8Ka5 toxin after purification on the chromatographic affinity (Ni-NTA 443 

resin).  444 

Fig. 2. Evaluation of the cross interaction of the mAbs anti-Cry1Ac against Cry8Ka5 445 

recombinant protein by ELISA. High binding EIA/RIA microplates were coated with 446 

1µg of Cry1Ac or Cry8Ka5 protein and kept overnight at 4 ºC. The plates were blocked 447 

with 3% gelatin in PBST. An aliquot of 100 µL of each mAbs (1:2000) was added for 1 448 

h at 37 ºC. The binding was identified using a goat anti-mouse IgG-HRP (1:5000) and 449 

developed using 100 µL of 4-(4-amino-3,5-dimethylphenyl)-2,6-dimethylaniline 450 

(TMB). The reaction was stopped by the addition of 50 µL of 2M sulfuric acid, and the 451 

absorbance was measured at 450 nm. All statistical tests were performed using a two-452 

way ANOVA. **** denotes p < 0.01. 453 

Fig. 3.  Epitopes mapping of mAbs by ELISA using Cry1Ac toxin synthetic peptides.   454 

The peptides coupled with BSA protein (1µg) were coated on High binding EIA/RIA 455 

microplates and kept overnight at 4 ºC.  The plates were blocked with 3% gelatin in 456 

PBST. An aliquot of 100 µL of each mAb (1:2000) was added for 1 h at 37 ºC. The 457 

binding was identified using a goat anti-mouse IgG-HRP (1:5000) and developed using 458 

100 µL of 4-(4-amino-3,5-dimethylphenyl)-2,6-dimethylaniline (TMB). The reaction 459 

was stopped by the addition of 50 µL of 2M sulfuric acid, and the absorbance was 460 

measured at 450 nm. All statistical tests were performed using a two-way ANOVA. ** 461 

denotes p < 0.05.  462 
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Fig.4. Evaluation of interaction of mAbs by Sandwich ELISA. High binding EIA/RIA 463 

microplates were coated with 100 µL of capture antibody (mAb) at 1:2000 dilution in 464 

coating buffer at 4ºC overnight.   The plates were blocked with 3% gelatin in PBST. 465 

Then, 1µg Cry1Ac protein was added and kept at 37ºC for 1h. An aliquot of 100 µL of 466 

the detection antibody (mAb) at 1:2000 dilution was added to each well and incubated 467 

at 37ºC for 1h. Binding was identified using a goat anti-mouse IgG-HRP (1:5000) and 468 

developed using 100 µL of 4-(4-amino-3,5-dimethylphenyl)-2,6-dimethylaniline 469 

(TMB). The reaction was stopped by the addition of 50 µL of 2M sulfuric acid, and the 470 

absorbance was measured at 450 nm. All statistical tests were performed using a two-471 

way ANOVA. **** denotes p < 0.01. 472 

Fig.5. The schematic image of the assembled strip test and the principle of detection 473 

using sandwich immunoassay format (A) Samples with Cry1Ac or Cry8Ka5 protein. 474 

(B) Samples without Cry1Ac or Cry8Ka5. 475 

Fig.6. Immunochromatographic strip test for Cry1Ac and Cry8Ka5 protein detection. 476 

Tests were evaluated using 0.5µg of Cry1Ac toxin (A) and 0.5µg of Cry8Ka5 toxin (B). 477 

(-) Corresponds to the negative control of 0.05 M carbonate-bicarbonate without the Bt 478 

proteins, pH 9.6 buffer (200µL). 479 

Fig. 7. Evaluation of accuracy of strip test using GM cotton leaf samples.  A- Standard 480 

curve for Cry1Ac and Cry8Ka5 (0-1µg) toxins using 1B1mAb. B- Detection of Cry1Ac 481 

protein (Bollgard
® 

GM cotton) used as positive control and Cry8Ka5 protein (GM 50 482 

and GM 217 cotton plant developed by our team). Non-GM (Coker 312) was used as 483 

negative control 
*** 

All statistical tests were performed using a two-way ANOVA. *** 484 

denotes p < 0.05. 485 
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Fig. 8. Evaluation of the strip test for detection of Cry8Ka5 and Cry1Ac toxins in GM 486 

and non-GM cotton leaf samples.  (A) GM cotton leaf samples (developed by our team) 487 

containing the Cry8Ka5 toxin (B) Bollgard 
®

 cotton leaf samples containing the Cry1Ac 488 

protein. Non-GM cotton leaf samples (Coker 312). 489 

 490 

 491 

 492 

 493 

 494 

 495 

Figure 1 496 

 497 

 498 

181.8  

115.5  

82.2  

64.2  

48.8 

37.1 

25.9 

19.4  

14.8 

kDa  1 3 4 5 2 

70.0  

Page 22 of 32Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



23 

 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 

 509 

 510 

 511 

Figure 2 512 

 513 

 514 

 515 

 516 

 517 

Page 23 of 32 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



24 

 

 518 

 519 

 520 

 521 

 522 

 523 

 524 

 525 

 526 

 527 

Figure 3 528 

 529 

 530 

P
T
3
B

P
T
4
C

P
T
4
D

P
T
5
D

P
T
5
E

Page 24 of 32Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



25 

 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

Figure 4 541 

 542 

 543 

 544 

1
B
1

1
B
5

5
H
4

3
C
1
0

A
b
s
o
r
b
a
n
c
e
 a
t 
4
5
0
 n
m

Page 25 of 32 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



26 

 

 545 

 546 

 547 

 548 

 549 

 550 

 551 

 552 

 553 

 554 

Figure 5     555 

 556 

 557 

 558 

 559 

 560 

 561 

 562 

 563 

 564 

 565 

Page 26 of 32Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



27 

 

 566 

 567 

 568 

 569 

 570 

 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 

Figure 6 579 

 580 

Page 27 of 32 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



28 

 

 581 

 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 

Figure 7 592 

Page 28 of 32Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



29 

 

 593 

 594 

 595 

 596 

 597 

 598 

 599 

 600 

 601 

 602 

 603 

       604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 

 613 

B 

y = 0.5966x + 0.2445

R² = 0.9714

y = 0.6476x + 0.2108

R² = 0.9862

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

A
b

so
rb

a
n

ce
 a

t 
4

5
0

 n
m

Cry1Ac and Cry8Ka5 toxin concentration (µg)

Cry1Ac Toxin Cry8 Ka5 Toxin

Linear (Cry1Ac Toxin) Linear (Cry8 Ka5 Toxin)

A 

Page 29 of 32 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



30 

 

 614 

 615 

 616 

 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 

Figure 8 627 

 628 

Page 30 of 32Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



31 

 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

Table of contents  639 

Page 31 of 32 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



32 

 

 640 

 641 

 642 

 643 

 644 

 645 

  646 

 647 

 648 

 649 

    650 

 651 

Page 32 of 32Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t


