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Producing a biopesticide consisting of multiple 
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Diamondback moths currently cost annual damages of four to five billion dollars to cruciferous plants 
worldwide. The main problem with current pest management methods is that moths develop resistance 
through natural mutations and limited exposure to insecticides. This article aims to propose a solution for 
increasing plant production by creating transgenic broccoli plants that express both crystalline (cry1Ac) and 
nutritive (vip3Aa) insecticidal proteins. The cry1Ac and vip3Aa insecticidal proteins kill pests upon 
consumption of the crops, effectively controlling diamondback moths and preventing any natural mutations 
through the secondary toxin. The modifications to the plants would be done via creating plasmids with both 
toxins obtained from the bacteria Bacillus thuringiensis. The recombinant DNA plasmid containing the 
genes-encoding cry1Ac and vip3Aa toxins would be inserted in the bacteria Agrobacterium tumefaciens. 
The Agrobacterium’s large cargo space and permanent integration of replicating DNA made it the optimal 
choice for our transgenic plants. 
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ruciferous plants, vegetables of the 
Brassicaceae family, include a 
multitude of nutrient-rich commercial 

crops such as broccoli, mustard seed, arugula, 
and napa cabbage. Apart from the various 
vitamins and minerals contained in these 
plants such as vitamins A, C, and K, folic 
acid, which assists new cell growth, and 
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chromium, an essential mineral that regulates 
blood sugar levels, cruciferous vegetables 
also contain phytonutrients called 
glucosinolates (Ellis, 2020). Glucosinolates, 
sulfurous chemicals that give cruciferous 
plants a bitter taste, act as antioxidants and 
combat inflammation associated with cancer 
by forming sulforaphane, an organic 
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compound that serves to inhibit the 
expression of carcinogenic nitrosamines and 
polycyclic aromatic hydrocarbons, protecting 
cells from DNA damage (Cleveland Clinic, 
2023; National Cancer Institute, 2012). 
Sulforaphane, easily found in many 
cruciferous vegetables, correlates to 
regulatory functions against lung and 
colorectal cancer (NCI, 2012). 

Diamondback moths (Plutella xylostella) 
pose a global issue as they feed off 
cruciferous plants. The parasitic influence of 
diamondback moths has grown over the past 
few years with the rise in commercial 
production of Brassicaceae family plants 
(Furlong et al., 2013). Studies estimate that 
consumption of broccoli and similar 
Brassicaceae family plants has nearly tripled, 
and it is projected to rise even higher, thus 
cementing their importance as global 
commercial crops (De Innocentis, 2020). 
Unfortunately, the moth species cost the 
global agriculture industry billions of dollars 
in damages annually, resulting in losses in 
cruciferous plant production and putting 
pressure on farmers worldwide. As a result, 
more intensive forms of agricultural practices 
are adopted, which can lead to higher 
probabilities of soil depletion and less yields 
in the future. Thus, there is a strong need to 
develop technology for managing 
diamondback moths, such as biological 
control to prevent further loss of crops 
worldwide. Along with helping farmers 
around the world, addressing this issue could 
alleviate the burden of food insecurity by 
providing access to billions of dollars’ worth 
of food.  

Current efforts taken to combat 
diamondback moths have been inadequate. 
Present solutions include the use of 
insecticides and integrated-pest management 
(IPM) with the use of a singular toxic protein 
(Furlong et al., 2013). However, both of these 
methods have significant flaws. First, 
insecticides can result in more harm than 
benefit. Chemical pesticides such as those 
used against diamondback moths have 
resulted in severe environmental harm and a 
plethora of health effects in humans, ranging 
from skin rashes to birth defects and various 
cancers (Aktar et al., 2009). Furthermore, 
insecticides have been found to damage 
nearby populations of different species, 

namely aquatic species such as fish, due to 
the run-off of chemicals into water sources 
(British Columbia Ministry of Agriculture, 
2017).  

Secondly, integrating toxic proteins into 
cruciferous plants has been explored as part 
of an IPM system. However, research has 
found that moths easily develop resistance to 
individual toxins and insecticides due to their 
quick life cycle and overuse of pesticide 
chemicals. As a result, the efforts made by 
genetic engineers to mitigate the problem are 
rendered ineffective (Hurst et al., 2019).  

Our solution for creating a biopesticide 
puts forth a method for eliminating pests by 
integrating multiple toxic proteins into 
Brassicaceae plants to ensure those resistante 
to only one toxin is still neutralized. The 
bacteria B. thuringiensis creates crystalline 
(cry) proteins known as delta endotoxins; 
poisons present in organisms that are released 
when consumed. Cry endotoxins are viable 
for insect control due to their harmlessness to 
people and biodegradability (Bravo et al., 
2007). Once consumed, these proteins form 
pores that release crystals that circulate the 
moth’s cell membranes and use binding 
proteins such as GPI-anchored alkaline 
phosphatases and glycoconjugates, resulting 
in cell lysis (Bravo et al., 2007).  

B. thuringiensis also contains secretory 
proteins known as vegetative insecticidal 
proteins (Vip), widely used to control 
lepidopteran pests. Vip proteins are classified 
as inactive protoxins, as these require 
chemical altering before activating, which 
can be done by midgut proteases in the 
digestive gut of pests, killing moths with 
natural poisons after consumption of the 
crops (Melton & Tweten 2006; Nuñez-
Ramírez et al., 2020). The two proteins that 
were found to be best suited for IPM against 
diamondback moths were the cry1Ac and 
vip3Aa proteins, as they are the most toxic 
and do not compete for binding sites (Lemes 
et al., 2017). Therefore, our design uses a 
plasmid that can incorporate multiple 
proteins and integrate into cruciferous plants.  

Our team’s design for inserting the 
cry1Ac and vip3Aa protoxins from B. 
thuringiensis was based upon a plasmid 
system from A. tumefaciens. The 
Agrobacterium vector used is based on a Ti 
plasmid for transgenic plants, which has a 
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large cargo space and permanent integration 
of T-DNA regions into host plant genomes, 
thus making it a good candidate for optimized 
replication inside of Agrobacterium and 
delivery of toxins. Additionally, we will 
incorporate an enhanced green fluorescence 
protein (eGFP) in order to visualize if our 
protoxin plasmids were incorporated into the 
plants. 

The plasmid used is an Agrobacterium 
binary vector system based upon natural Ti 
(tumor-inducing) plasmids with two distinct 
parts (see Figure 1). First, the T-DNA 
(transfer DNA) vector (binary vector) region 
encloses the DNA sequence prepared for 
integration with the host plant’s DNA via 
gene cloning. The second portion of the 
system, known as the vir helper plasmid, 
codes the components for integration of the 
T-DNA region, creating the final product of 
the system. The two plasmids are assembled 
in A. tumefaciens and then make up the 
binary vector system that is used to insert the 
sequences into a Brassicaceae family plant 
(VectorBuilder, n.d.). 

As previously stated, our design relies on 
two separate toxins. These are the cry1Ac, 
cry/crystalline protein, and vip3Aa, 
vegetative insecticidal protein. As explained 
in the section about current problems with 
pest management, one of the biggest 

problems is moths having natural mutations 
to certain toxins. Due to their short lifespan 
and their speed at reproducing, these 
mutations can occur quickly. Moths that are 
impervious to a toxin are the only ones that 
can survive, they quickly take over the gene 
pool, leading to a population that is 
completely resistant to the insecticide and 
rendering the insecticides useless. Our 
project would aim to eradicate the moths 
before they develop complete genetic 
resistance. If a singular toxin is used, for 
example, cry1Ac, the moths would 
eventually gain resistance and reproduce, 
causing the insecticide to be ineffective. On 
the other hand, the use of two endotoxins, 
cry1Ac and vip3Aa, would eliminate any 
moth with a natural resistance to the first by 
the second. This would make any moths with 
a singular resistance unable to survive and 
therefore no longer be capable of taking over 
the gene pool. 

Systems level 
Our designed Ti-plasmid, which allows for 
the insertion of the two unique endotoxins, 
would be tested for success and compatibility 
by using Escherichia coli. To accomplish 
this, we would insert Ti-plasmid into a 

 
 
Figure 1: Agrobacterium binary vector system 
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competent E. coli strain via a heat-shock 
transformation. After heating and cooling, 
the E. coli should repair their cell walls and 
be able to express the endotoxins. If the 
plasmid is successfully integrated, the 
expression of a fluorescent eGFP will allow 
the visualization of the T-DNA’s 
incorporation.  

After proving the success of our 
endotoxins’ ability for integration, we will 
first transgenically modify an arugula (Eruca 
vesicaria) plant. Our team would complete 
the transgenic modification through floral 
dipping, a process that combines the 
transformed A. tumefaciens into the chosen 
cruciferous vegetable after cutting its flowers 
and dipping the plant into the culture, and 
letting incubation occur. After a successful 
incubation period, the plant will continue to 
undergo natural growth with the recombinant 
DNA incorporated inside.  

In order to test our endotoxins, our team 
would experiment on diamondback moths to 

show how efficient the plants are against the 
pests. By comparing data on the populations 
of the transgenic arugula plants and the 
populations of the diamondback moths in a 
dry lab, the success rate of the biopesticide 
will be visualized. In order to prove 
successful replications of the recombinant 
DNA into generations of plants, collected 
data should show an increase in arugula 
plants which survive until germination, and a 
decrease in diamondbacks.  

Device level 
The binary vector Ti-plasmid system that will 
be inserted into the Brassicaceae family 
plants contains two toxin-coding genes – the 
delta endotoxin cry1Ac and secretory 
protoxin vip3Aa – as well as an eGFP gene 
that allows for visualization of the plasmid 
when it is expressed (see Figure 2). Our team 
chose the Ti-system for its ability to house 

Figure 2: Designed Biopesticide plasmid in T-DNA region of binary vector system. Note. Brown: Toxin 
genes, Green: eGFP gene 
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both toxins and its previously reported high 
efficiency of permanent integration into 
plants, making it a great candidate for the 
transgenic cruciferous vegetables. Both 
toxins are derived from the bacteria B. 
thuringiensis and will be inserted into A. 
tumefaciens via heat shock due to its ease in 
entering plant genomes. The final 
Agrobacterium product will then be 
expressed in a cruciferous plant and used to 
kill diamondback moths with the properties 
of protoxins.  

Parts level 
The cry1Ac gene, vip3Aa gene, and eGFP 
fluorescent gene will be assembled into the 
plant expression binary vector system taken 
from Ti-plasmids that use two different 
plasmids to incorporate all genes (see Figure 
1). The Ti-plasmid, with its large area 
available for genes of interest (T-DNA) as 
well as ease of integration into plants via the 
second plasmid in the system (vir helper), is 
the optimal choice for creating transgenic 
plants with recombinant DNA. The 
integration works by inducing tumors in the 
plant and forcing itself into permanent 
integration of the plant after floral dipping 
(VectorBuilder, n.d.). The tumor-inducing 

nature of A. tumefaciens and its ability to 
insert its DNA through crown gall disease 
contributes to its high-quality gene 
expression. Crown gall disease is a condition 
caused by the Agrobacterium, also known as 
Rhizobium radiobacter, where the bacterium 
infects plants through their roots, the same 
pathways that floral dipping will target, and 
the bacteria’s DNA combines with the DNA 
of the Brassicaceae family to transform the 
plant cells (The Royal Horticultural Society, 
n.d.). Additionally, A. tumefaciens is 
favorable to use due to its ability to survive in 
the soil for long periods of time, which may 
occur if the floral dipping fails, allowing the 
Agrobacterium to be able to re-enter the plant 
if it failed.  

The two endotoxins cry1Ac and vip3Aa 
are both protoxins that activate once ingested 
by the diamondback moths (Melton & 
Tweten, 2006). Once ingested, the two 
endotoxins work inside the organism through 
the first step of solubilization. Solubilization 
increases the solubility of a substance 
through a high number of surfactants, 
substances which lower the surface tension of 
a targeted liquid, thus allowing for more 
ingested cruciferous plants to become 
dissolved into the toxin plants (Intertek, n.d.; 
Lau, 2001; see Figure 3).  

The pH of the moths’ digestive systems 

 
Figure 3. Activation Pathway of Protoxins. Note. Light blue & purple: cruciferous plant cells. 
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solubilizes protoxins by changing the 
structure exposing the proteins for activation, 
the second step of the process, in the gut. 
Activation occurs when proteases, enzymes 
that amplify molecular signals through 
transduction and phosphorylation cascades, 
bind with the exposed proteins and activate 
them, allowing for the toxins to have the 
capacity for binding to the insect’s cells 
(López-Otin & Bond, 2008). The final step of 
the process occurs when the now active 
endotoxins bind to the walls of the moths’ 
gastrointestinal tract and cause increased 
permeability. This increase in the vascular 
permeability of the moth cells allows for 
important molecules such as water to be lost 
and harmful pathogens to enter more easily, 
thus progressing disease and infection in 
insects and causing death (Claesson-Welsh, 
2015).  

In order to track success or failure of our 
binary vector system, we additionally 
implemented an eGFP promoter. eGFP 
works by binding to specific proteins or cells 
and expressing genes for color that will 
appear under a fluorescent microscope. eGFP 
is chosen by many biotechnologists due to the 
protein’s ability to allow for insight into the 
smallest parts of cells, such as the plasmids 
that our team is using for our recombinant 
DNA (Goodsell, 2003). Furthermore, eGFP 
holds additional benefits when compared to 
regular GFP, as eGFP is better manufactured 
in order to tag very specific cells for viewing 
and can create images 35 times brighter than 
regular GFP (Samanthi, 2018).  

Safety 
The insecticidal proteins we chose, cry1Ac 
and vip3Aa, work by inhibiting the digestion 
of pests and are derived from the bacteria B. 
thuringiensis. Thus, safety concerns 
pertaining to human consumption may arise 
from the usage of biochemical insecticides. 
Luckily, the safety of chemicals in B. 
thuringiensis can be proven, as in 2010, there 
were over 58 million hectares of vegetation 
grown with toxins from the bacteria B. 
thuringiensis, and they have been proven to 
be entirely safe for human consumption with 
no adverse side effects unless the consumer 
had a condition that could be easily worsened 

by the bacteria (James, 2011). Furthermore, 
safety concerns arise from a failed integration 
and unintended side effects which may bring 
harm to humans. We are able to prevent this 
issue by using our eGFP promoter, which 
will prove whether or not the plasmid has 
been integrated, showing if the integration of 
our Ti-system successfully created the 
desired transgenic Brassicaceae plants. 
Another concern that may arise is the 
resistance of pests to the chosen pesticidal 
proteins. As mentioned earlier, our team was 
able to combat this issue via our unique use 
of two different proteins that would eliminate 
any moths in the gene pool with resistance to 
one protein or the other. Additionally, even 
moths that potentially develop mutations to 
resist both will not consume as many 
cruciferous vegetables as their behavior has 
been altered to perceive the crops as toxic and 
nutrition that should be avoided.  

Discussions 
Overall, our project serves to kill the pests in 
order to boost the agricultural production of 
cruciferous vegetables. It also acts as a major 
steppingstone that would resolve the biggest 
problem most insecticides face today. 
Natural mutations are something that 
happens in pests, regardless of chemicals and 
the diets of the organisms, and by 
highlighting one way that these mutations 
can be stopped, projects such as ours can 
become more globally applicable and 
eventually lead to more pest-specific 
targeting. Furthermore, eliminating 
diamondback moths will allow for more 
capital to be produced, furthering funding 
that may be used for research against other 
harmful insects such as locusts or aphids. 

While our project has a plethora of 
benefits, one negative impact would be that 
current fields of crops would have to be 
cleared, as our project could only be put into 
practice if all the plants in an area possess the 
binary vector system. Thus, farmers currently 
growing Brassicaceae plants such as broccoli 
would either need to sell off their crops or 
discard them. This process will initially cost 
farmers large sums of money, deterring some 
individuals from implementing the practice. 

Another obstacle in our project is the 
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widespread uncertainty of data that may be 
collected. Various variables may contribute 
to different outcomes in an open agricultural 
field, leading to data that supports the 
benefits and rationale of our research or 
contribute to other results impacted by 
confounding variables. For example, a 
decrease in cruciferous plants that are 
consumed by diamondback moths may occur 
not because of the two endotoxins but rather 
the outspread of a disease which targets 
diamondback moths, skewing the data that 
we collected.  

Next steps   
Once our Ti-system’s success is proven in 
plants with fast reproduction, such as 
arugula, the application of our multi-protein 
biopesticide will be used for more 
widespread commercial Brassicaceae crops 
like broccoli or napa cabbage. We would also 
test the project in the real-world industry, 
where many factors are constantly changing, 
by planting our transgenic plants in a farm 
setting and monitoring the activity of the 
moths with the aforementioned graphs. 
Finally, we would reach out to local 
professors and researchers in the agricultural 
genetic modification industry to further 
examine the project’s feasibility at a national 
or even global scale. 
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