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ABSTRACT 

The corn borer (Spodoptera frugiperda) is a major pest causing significant damage to corn crops due to its difficult management. As an alternative for pest control, 

the Genetic Engineering and Biotechnology Center of La Habana in Cuba (CIGB) developed the transgenic corn varieties FR-Bt1 and V20(S2), which are resistant 

to the corn borer due to the over expression of two insecticidal proteins Cry1Fa and Vip3A. However, it is crucial to assess the risks associated with the expression 

of these proteins on non-target organisms present in the maize ecosystem. In this study, an ecotoxicological evaluation was conducted to assess the toxicity of Cry1Fa 

and Vip3A proteins, both in their active and inactive forms, as well as plant samples from transgenic and conventional corn crops, on bioindicator species of 

ecosystems. Organisms were exposed to safe concentrations of insecticidal proteins and plant samples via oral administration. Terrestrial organisms included 

beneficial insects (Chrysopa exterior and Trichogramma pintoi), pollinators (Apis mellifera), and the decomposer earthworm (Eisenia andrei), while aquatic species 

included fish (Brachydanio rerio) and frogs (Osteopilus septentrionalis). Toxicity signs and mortality were evaluated in these biomodels. The results showed no 

physiological, behavioral, or mortality alterations in the species tested. Overall, the insecticidal proteins expressed in the transgenic corn crops FR-Bt1 and V20(S2), 

as well as the plant samples, were not toxic to the bioindicator species under laboratory conditions. 
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INTRODUCTION 

The growing global population has posed a significant challenge to agriculture: 

maintaining an adequate food supply while preserving environmental balance 

[1],[2]. These challenges influence the relationships between humans, animals, 

and the environment, and require approaches such as the "One Health" concept 

[3],[4]. Solutions can only be achieved through interdisciplinary and 

multisectoral strategies that address the health of people, animals, and 

environment [5].  The application of biotechnology to food production is one of 

the key hopes for humanity to achieve this goal [6],[7],[8]. Among its results, 

genetically modified crops stand out due to their technological strength, leading 

to high levels of adoption, commercialization, and consumption [9],[10],[11]. 

Transgenic maize varieties FR-Bt1 and V20(S2) have been developed at the 

Genetic Engineering and Biotechnology Center (CIGB) as an alternative to 

control the corn borer pest. The former was obtained by crossing the Cuban line 

FR-28 with a transgenic variety containing the TC1507 event, while V20(S2) 

resulted from crossing the Cuban line V20 with a transgenic variety containing 

the MIR162 event. These transgenic crops express the insecticidal proteins 

Cry1Fa and Vip3A, derived from Bacillus thuringiensis (Bt) [11],[12]. The 

potential impacts of these transgenic crops must be assessed on a case-by-case 

basis [12],[13],[14], to identify any effects arising from the exposure of 

bioindicator organisms to toxins expressed by these plants, through controlled 

laboratory studies and regulatory requirements for environmental release 

[15],[16],[17]. The aim of this study is to evaluate the toxicity of the Cry1Fa and 

Vip3A proteins, as well as the plant samples from the FR-Bt1 and V20(S2) crops, 

on bioindicator species from terrestrial and aquatic ecosystems in a laboratory 

setting, trying to determinate the potential risk to the environment of these plants. 

EXPERIMENTAL 

Insecticidal proteins, plant samples of corn and bioindicator species 

The CIGB provided both the active and inactive forms of the Cry1Fa and 

Vip3A proteins (100 mL of each), as well as sufficient quantities of the maize 

plant parts (pollen - 10 mg or senescent tissue - 100 g) from the non-transgenic 

and transgenic crops. The inactivation of the proteins involved was done by 

heating to 65°C for 10 minutes. The bioindicator species were provide by the 

Subdirection of Toxicological Evaluations and Environmental Studies at the 

National Toxicology Center of Cuba.  

 Toxicity Assays on Representative Ecosystem Species 

A risk analysis strategy was individually applied to assess genetically modified 

crops on representative species of terrestrial species as beneficial insects 

Chrysopa exterior, Trichogramma pintoi and Apis mellifera, the decomposer 

Eisenia Andrei. While aquatic species included vertebrates such as fish 

Brachydanio rerio and amphibians (Osteopilus septentrionalis). The assays were 

performed under controlled conditions, with all species exposed to the 

insecticidal proteins (Cry1Fa or Vip3A, both in their active and inactive forms). 

In most cases, the species were also exposed to parts of the plants from the 

transgenic crops, as well as their conventional counterparts, with which they 

naturally interact.  

The administration of the proteins and plant samples was carried out via oral 

exposure at safe concentrations. Toxic effects were estimated by monitoring the 

presence of physiological and behavioral alterations, as well as mortality events. 

The evaluation followed established guidelines for toxicological testing 

[18],[19],[20],[21],[22],[23]. 

Terrestrial Ecosystem 

Insects 

All evaluations were conducted following OPPTS guideline 885.4340 [18]. 

Pollinator Hymenoptera – Honey Bees (Apis mellifera).  

This assay followed the OPPTS guideline 885.4380 [19]. Bees aged 1 to 7 days 

were exposed daily to concentrations 10- and 100-fold higher than the median 

lethal concentration (LC₅₀) of the respective Cry1Fa and Vip3A proteins, in both 

active and inactive forms, through their diet. For Cry1Fa, a safety level of 10 

ppm was used, 10 times above the known LC₅₀ for the target species (1 ppm). 

Bees were exposed daily to 24 ppm of Cry1Fa in transgenic pollen. For Vip3A, 

a safety level of 50 ppm was used, 100 times above the LC₅₀ of the target species 

(0.5 ppm), and exposure to transgenic pollen was 0.17284 ppm of Vip3A. 

Equivalent amounts were provided for non-transgenic pollen. 
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Each study included the following treatments: control, inactive protein, active 

protein, non-transgenic maize pollen, and transgenic maize pollen. A total of 150 

bees were used, distributed into five treatment groups of 30 bees each, with three 

replicates of 10 bees per treatment. The assays were terminated when mortality 

in the untreated control group exceeded 20% [19]. 

Neuroptera – Lacewings (Chrysopa exterior or Nodita firmini) 

First-instar lacewing larvae were exposed to 0.48 ppm of Cry1Fa protein, 

representing a safety level 15 times higher than the expression of Cry1Fa in 

maize pollen. For Vip3A, a safety level was achieved by exposing the test 

organisms to 175 ppm, 50 times higher than the expected environmental 

concentration. Each assay included a total of 90 larvae, distributed across three 

treatments: control, inactive protein, and active protein. The studies concluded 

when 20% of the control group reached pupation [18]. 

Hymenoptera – Parasitoid (Trichogramma pintoi) 

Due to species availability, only Cry1Fa protein was tested. Adult 

Trichogramma pintoi were exposed to concentrations 10 times higher than the 

Cry1Fa level present in maize pollen, corresponding to 32% of the Cry1Fa 

protein. A total of 90 adults were used, with 30 per group (control, inactive 

protein, and active protein), each considered as a replicate. Daily visual 

observations were performed until the study ended, which occurred when 

mortality in the untreated control group exceeded 20% [18]. 

Decomposer 

Earthworm (Eisenia andrei) 

The assays followed OCSPP guideline 850.3100 and ISO DIS 11268-1 

[20],[21]. Safety levels were set 100 times above the expression of Cry1Fa in 

senescent plant tissue, equivalent to 2.26 ppm in the substrate, and 0.357 ppm for 

senescent leaves. For Vip3A, safety levels were 30 times above the expression 

in senescent leaves, corresponding to 3.30 ppm in the substrate. For senescent 

tissues, the same amount of leaves per container was used as in the FR-Bt1 maize 

evaluation, with a protein concentration of 134% of Vip3A in the substrate. 

A total of 150 earthworms were used, distributed across five treatments of 30 

worms each, with three replicates of 10 worms per treatment. The treatments 

included: control, inactive protein, active protein, senescent tissues from 

conventional maize, and transgenic maize. Toxic effects and reproductive 

capacity were monitored over 28 days [21]. 

Aquatic Ecosystem 

Vertebrates – Fish (Brachydanio rerio or Poecilia reticulata) and 

Amphibians – Frogs (Osteopilus septentrionalis). 

A semi-static exposure system was used following OECD guideline 203 and 

ASTM guideline E729-96 (OECD, 2019; ASTM, 2023) [22],[23]. Only the 

proteins were tested. Fish and amphibians were exposed to 10 ppm of Cry1Fa in 

the diet, providing safety levels 100 times above environmentally expected 

concentrations. For Vip3A, safety levels were 30 times above the expected 

environmental concentration, using 22 ppm in the diet. 

Zebra fish (Brachydanio rerio) larvae were used for Cry1Fa evaluation, while 

guppy (Poecilia reticulata) were used for Vip3A. Amphibians were tested at the 

larval stage. Each assay included 90 organisms, distributed among three groups: 

control, inactive protein, and active protein. 

Statistical Analysis 

Statistical analyses were conducted using SPSS version 22. Normality and 

homoscedasticity tests were performed to determine the suitability of parametric 

or non-parametric methods. The chosen method allowed for comparison of the 

evaluated variables among the experimental groups [24]. 

RESULTS AND DISCUSSION 

The environmental risk assessment of a transgenic plant involves, among other 

factors, the evaluation of its potential to cause adverse effects in comparison with 

its non-transgenic counterpart, particularly in relation to animals within the 

environment and their roles in ecological functions [25]. Transgenic maize has 

emerged as a key component of contemporary agricultural practices, driven by 

its potential to enhance productivity and pest resistance. Nevertheless, its 

adoption has sparked considerable debate regarding its ecological implications 

[26]. 

During the toxicity assays, environmental conditions were maintained within 

the optimal ranges specified in the guidelines for each bioindicator species. 

Terrestrial Ecosystem 

Honey Bees (Apis mellifera). The assays concluded on day 8 for FR-Bt1 maize 

and day 9 for V20(S2) maize. Mortality occurred in both maize varieties, and the 

percentages observed are presented in Figure 1. Using the non-parametric 

Kruskal-Wallis test to compare the means among groups, no significant effect 

was detected, with a significance level of 0.05. 

 

Figure 1. Toxicity studies in honey bees exposed to transgenic maize and the 

expressed proteins. Cumulative mortality patterns: (A) FR-Bt1, (B) V20(S2). 

In both studies, the appearance and behavior of all surviving bees remained 

normal throughout the assays. 

In 2008, Duan and colleagues, through a meta-analysis encompassing 25 

studies, assessed the effects of Bt Cry proteins on honeybee larvae and adults, 

without detecting statistically significant differences. These findings are 

consistent with the results obtained in the present evaluation, as well as with 

previous investigations that examined the activity spectrum and mode of action 

of various classes of Bt Cry proteins [27],[28].  

In contrast to these findings, in 2025 Lee and colleagues reported adverse 

effects of larval exposure to Cry1F pollen (event TC1507) in two butterfly 

species (Pieris napi, Aglais io) and two moth species (Plutella xylostella, 

Ematurga atomaria). The Cry1F toxin present in the pollen affected all non-

target lepidopteran species evaluated, to varying degrees depending on the 

species and the parameter measured. Reported sublethal adverse effects in larvae 

included reduced feeding and body weight, as well as prolonged developmental 

times, without significantly impacting adult size or fecundity [29]. 

Beneficial Neuroptera (Chrysopa exterior or Nodita firmini) 

In the study evaluating Cry1Fa protein toxicity, no mortality occurred in the 

control group. In the groups exposed to inactive and active Cry1Fa protein, two 

and three larvae died, corresponding to mortality rates of 6.7% and 10%, 

respectively. In the Vip3A protein study, three larvae died in both the control 

group and the group exposed to inactive Vip3A, resulting in mortality rates of 

10%. In the active Vip3A group, two larvae died, corresponding to 20% 

mortality. All values fell within the natural mortality range for these studies, so 

statistical analysis was not applied. The Cry1Fa and Vip3A studies concluded on 

days 9 and 10, respectively, following the species-specific parameters, 

confirming protein safety. At the end of the experiments, 18, 20, and 23 pupae 

formed in control, inactive Cry1Fa, and active Cry1Fa groups, representing 

pupation rates of 60%, 66.7%, and 76.7%, respectively. For Vip3A, seven larvae 

in both the control and active protein groups reached the pupal stage (23.3% 

pupation), while nine pupae formed in the inactive protein group (30%). 

Comparison of pupation means between groups using the non-parametric 

Kruskal-Wallis test at a 0.05 significance level revealed no significant 

differences. No signs of toxicity related to dietary protein ingestion were 

observed. 
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Likewise, Cry1Fa protein, administered in a 0.1% sucrose solution, did not 

produce negative effects on the indicator species Chrysopa carnea when exposed 

to concentrations substantially higher than those expected under environmental 

conditions, which is consistent with the findings of the present study [30]. 

Similarly, when predators were fed diets containing 7.25 ppm of Vip3Aa19 

protein—specifically nymphs of the hemipteran Orius insidiosus, adults of the 

coleopteran Coccinella septempunctata, and larvae of the neuropteran 

Chrysoperla carnea—no adverse effects were observed after 21, 15, and 14 days 

of exposure, respectively [31]. 

Beneficial Hymenoptera – Parasitoid (Trichogramma pintoi) 

The assay lasted 72 hours. Mortality occurred in three, six, and two adults in 

the control, inactive Cry1Fa, and active Cry1Fa groups, corresponding to 

mortality rates of 10%, 20%, and 6.7%, respectively. However, comparison of 

the mortality means between groups using the Kruskal-Wallis test showed no 

statistically significant differences at a 0.05 significance level. No significant 

physiological or behavioral alterations were observed in any of the test groups. 

Similarly, against the predatory beetle Propylea japonica (Thunberg) 

(Coleoptera: Coccinellidae), no adverse effects were observed following 

exposure to 200 and 500 ppm of Vip3Aa protein in the diet [32],[33]. The safety 

of Vip3Aa protein was also confirmed in adults of the beetle Aleochara bilineata 

exposed to concentrations of 595.3 ppm through dietary intake for 35 days. 

Moreover, no detrimental effects were detected on the survival or reproduction 

of the collembolan Folsomia candida, which were fed for 28 days with leaf tissue 

diets containing 43.2 ppm. All these results are consistent with those obtained in 

this study [31],[34]. 

Earthworm (Eisenia andrei) 

The evaluations in Eisenia andrei were conducted in two phases: an acute 

phase up to day 14 and a subchronic phase up to day 28. Mortality and signs of 

toxicity were assessed in both phases, and reproductive capacity was evaluated 

at the end of the study. Guidelines indicate that up to 10% mortality may occur 

in acute studies and up to 20% in subchronic studies without attributing it to the 

test substance. Additionally, control group earthworms may experience up to a 

20% weight loss. In the acute phase, one worm died in the group exposed to 

active Cry1Fa protein (3.3% mortality), and three died in the group exposed to 

senescent tissue of FR-Bt1 maize (10% mortality). In the Vip3A protein study, 

one worm died in the treated group (3.3%), and two died in the group exposed to 

senescent conventional maize tissue (6.7%). Mortality in all cases were below 

the 10% threshold.| 

No physiological or behavioral alterations were observed in any group. Worm 

weight variation throughout the study is shown in Figure 2. In groups with slight 

weight decreases, losses remained below 20%, making statistical analysis 

unnecessary. In the groups exposed to senescent tissue of V20(S2) maize and its 

conventional counterpart, similar weight gains were observed, likely due to the 

additional organic matter provided by the plant fiber, in contrast to the groups 

treated with the proteins. 

 

Figure 2. Toxicity study in earthworms (Eisenia andrei) exposed to transgenic 

maize and the expressed proteins. Weight variation patterns: (A) FR-Bt1, (B) 

V20(S2). 

In the second phase of the FR-Bt1 maize impact assessment, five earthworms 

died in the negative control group, corresponding to 16.7% mortality, validating 

the study. For V20(S2) maize, no mortality occurred in the control group. In the 

study of FR-Bt1, mortality occurred in all groups at rates equal to or lower than 

the control, except in the group exposed to senescent leaves of conventional 

maize, where 10 earthworms died (33.3%), as shown in Figure 3. However, using 

the non-parametric Kruskal-Wallis test, no significant differences were observed 

between the mean mortality rates of the groups (p ≥ 0.05). 

For V20(S2) maize, two worms died after exposure to plant samples, 

corresponding to 6.6% mortality, which falls within the normal expected range 

for this species and type of study. 

 

Figure 3. Toxicity study in earthworms (Eisenia andrei) exposed to transgenic 

FR-Bt1 maize and Cry1Fa protein. Cumulative mortality patterns. 

Worm weight variation was determined only in the groups exposed to maize 

residues. Figure 2 shows weight gain in the test organisms, indicating a lack of 

toxicity. No signs of toxicity were observed in any of the organisms during the 

assays. In both studies, worms in the groups exposed to plant material were 

observed moving to the substrate–senescent leaf interface, demonstrating their 

ability to decompose plant tissues. Additionally, eggs and juvenile worms were 

present in all experimental groups, confirming normal reproductive activity. 

In all groups, earthworms exhibited vitality and normal behavior. As in the 

present study, the risk of Cry1F protein was low when testing concentrations 

higher than those expected under environmental conditions in the collembolan 

(Folsomia candida) [31]. The absence of toxicity is consistent with results 

reported in the literature when evaluating the effects of Vip3Aa20 protein over 

14 days in Eisenia fetida, at concentrations of 3.60 ppm of Vip3Aa19 protein 

expressed in the Pacha maize event and administered through leaf tissue 

incorporated into the soil [31]. 

Aquatic Ecosystem 

The Cry1Fa protein study lasted four days for frogs and eight days for fish, 

whereas the Vip3A study lasted 30 days for both species. According to the 

guidelines, up to 10% mortality may occur spontaneously. 

Fish (Brachydanio rerio and Poecilia reticulata) 

In the Cry1Fa protein study, zebrafish (Brachydanio rerio) were used over 

eight days, while in the Vip3A study, guppies (Poecilia reticulata) were tested 

for 30 days. The FR-Bt1 maize study concluded with 100% survival, as did the 

groups exposed to both forms of Vip3A and V20(S2) maize, except for the 

control group, in which one fry died (3.3% mortality). Behavioral responses and 

reactions to stimuli remained consistent with species-specific norms, confirming 

the good health of the organisms. Both species consumed their food 

(contaminated and uncontaminated) daily with normal feeding behavior, 

resulting in appropriate increases in body weight. 
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Amphibians – Frogs (Osteopilus septentrionalis) 

The toxicological evaluation of Cry1Fa and Vip3A proteins in frogs lasted four 

days for Cry1Fa and 30 days for Vip3A. No physiological or behavioral 

alterations were observed in any test organisms, and no mortality occurred except 

in the group exposed to inactive Vip3A, where two tadpoles died, representing 

6.6% mortality. 

No alterations in behavior or development were observed, as the organisms 

consistently exhibited the characteristic feeding avidity of the species. Similar 

findings were reported by Vieira and colleagues in 2021, who evaluated embryos 

and larvae of zebrafish exposed to different Cry proteins (Cry1C, Cry1F, and 

Cry1Ab) at concentrations of 1.1 ppm, with no evidence of embryotoxicity or 

impairment of enzymatic biomarkers [35]. Likewise, the risk associated with 

Cry1F protein was low when assessing its effects on the microcrustacean 

Daphnia magna [35]. In addition, Chen and colleagues in 2021 demonstrated 

that this species can survive, grow, and reproduce when fed exclusively on maize 

material [36]. Furthermore, in juvenile catfish (Ictalurus punctatus), dietary 

exposure to 7.1 ppm of Vip3Aa19 protein for 30 days did not result in adverse 

effects [35]. 

The need to evaluate pure, active, and inactive Bt proteins in toxicity studies 

arises from critical considerations related to actual environmental exposure and 

the comprehensive understanding of their potential spectrum of effects (Azizoglu 

et al., 2023) [37]. In the environment, Bt proteins are not always present in their 

pure and active form, as they may be inactivated by factors such as UV light 

degradation, temperature, pH, microbial activity, and proteases in the soil or in 

the gut of non-target insects [38]. None of the species used in the investigations 

were affected when exposed to Cry1Fa and Vip3A proteins subjected to the 

inactivation process. Assessing inactive proteins enables the evaluation of the 

effects of degradation and modification products, which may exhibit different 

toxicity compared with the original active protein. Moreover, it confirms that the 

observed toxicity is attributable exclusively to the active structure, and not to 

nonspecific effects or experimental artifacts [39]. 

In the risk assessment of Bt toxins, it is essential to consider both the 

similarities and differences in the mechanisms of action of the various Cry 

proteins. Their shared basis allows comparisons among them, while their 

divergences account for the variations observed; a similar situation applies to 

Vip3A proteins [40]. Innovation and research in agri-food systems, including the 

application of plant biotechnology, are fundamental for agricultural production, 

economic and social growth, and for contributing to problem-solving [41]. In 

light of the growing demand for food driven by demographic expansion, 

countries must enhance investment and integrate knowledge into agri-food 

production systems to increase productivity and adopt a holistic perspective on 

health-related challenges [16],[41]. 

For a significant portion of the global population, cereals and legumes are the 

primary sources of protein. Transgenic plants represent food crops modified to 

express novel traits such as maximizing fruit yield, tolerating more extreme 

environments, resisting previously harmful pesticides, or controlling pests 

[10],[16]. However, it is crucial to inform consumers about the fundamental 

characteristics of these foods, as well as potential risks to human health and the 

environment [43],[44]. Hence, the development of risk assessments is necessary 

to evaluate their impact. 

Despite uncertainties related to Cry protein risk assessment, safety data on 

TC1507 have been submitted to regulatory agencies in more than 20 countries, 

which have authorized its use in crops, food, and feed, including to Argentina, 

Brazil, Canada, and the United States. The increasing authorization of this event 

as a component of diverse products further demonstrates its safety and global 

acceptance. Based on this evidence, various regulatory agencies have concluded 

that TC1507 maize has a history of safe use for cultivation, food, and feed 

purposes [45]. 

The environmental impact of the MIR162 maize event has been less 

extensively studied, partly because earlier transgenic events were subjected to 

stricter regulatory requirements, necessitating more comprehensive studies 

whose data, in many cases, benefited subsequent events by reducing the 

perceived urgency for such evaluations [46]. Another relevant factor is that 

Vip3A protein is often commercialized in combination with Cry proteins, 

complicating the isolation of its specific environmental impact. By contrast, 

TC1507 was initially released as a single event, facilitating its assessment. 

Nevertheless, MIR162 has been the subject of multiple safety studies conducted 

under both laboratory and field conditions. Based on the available evidence and 

current knowledge, several authors have concluded that MIR162 does not pose a 

significant risk to human health or the environment [47]. 

Potential adverse effects of Cry1Fa and Vip3 proteins from FR-Bt11 and 

V20S(2) maize were also evaluated. These investigations tested protein 

concentrations exceeding environmentally relevant exposure levels, as well as 

exposure to plant material samples likely to occur in the field. None of the studies 

reported adverse effects. 

CONCLUSION 

The insecticidal proteins Cry1Fa and Vip3A, as well as plant FR-Bt1 and 

V20(S2) maize crops, were not toxic to the species tested. Therefore, the use, 

storage, and disposal of residues from these transgenic maize crops can be 

considered safe, supporting the potential for their large-scale cultivation. 
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