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Salmonella typhimurium is a bacterial species that is prevalent and causes disease in sub-Saharan Africa, 
South Asia, East Asia, and Pacific regions. Better detection of the microbe would improve food safety and 
security in these regions. Because S. typhimurium is mainly present in the food and water of developing 
countries, an effective detector must be portable and self-regenerating. To achieve these requirements, we 
designed a detection system using synthetic biology. Our system will express the a-agglutinin complex 
subunits (Aga1p and Aga2p) on the surface of Saccharomyces cerevisiae (S. cerevisiae), a yeast that is 
both amenable to engineering and safe to provide to households in affected areas. The antibodies 
presented on these engineered yeast will bind to S. typhimurium, stimulating a proton pump in the yeast 
and adding H+ ions to the yeast growth media by means of a signal transduction pathway not yet identified. 
A pH indicator, such as Bromophenol blue, will be used to detect the increase of H+ ions in solution. If the 
solution drops significantly below 5.75, the typical pH of S. cerevisiae, to about 4.5, the solution will turn 
yellow, indicating the presence of S. typhimurium. Our approach, if successful, will create a low-cost, self-
regenerating system for the detection of S. typhimurium. The solution’s low cost and capacity to reproduce 
will ensure greater access to our system, allowing those in developing countries to discern if their food and 
water is safe, which will help reduce disease. 
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almonella typhimurium (S. 
typhimurium) is a bacterial species that 
causes typhoid fever. The disease was 

first recognized in the 1800s and considered 
a worldwide issue until the mid-twentieth 
century when developed countries made 
improvements to sanitation and hygiene. 
With these advancements, developed 
countries continue to have low incidence of 
typhoid fever; most cases occur when 
travelers visit regions where typhoid fever is 
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endemic. Areas such as North America and 
Europe are seen as low-incidence areas that 
have less than ten cases per 100,000 per year 
(Colomba et al, 2008). S. typhimurium is 
prevalent and commonly causes disease in 
areas such as sub-Saharan Africa, South 
Asia, East Asia, and Pacific regions (Als.et 
al, 2018). 

S. typhimurium can cause sepsis and 
death if not treated with the correct 
antibiotics. However, in developing 
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countries, where S. typhimurium bacteria is 
most prevalent due to the lack of access to 
safe water and sanitation, access to these 
antibiotics is limited. Better detection of the 
microbe would improve food safety and 
security in these regions. Thus, we aim to 
create a solution that can detect S. 
typhimurium in order to prevent potentially 
deadly infections in vulnerable populations. 

S. typhimurium is most commonly found 
in areas where communities do not have 
access to clean water and sanitation. S. 
typhimurium is thought to affect 
approximately 22 million people per year and 
causes up to 200,000 deaths, mostly in 
children (Pollard, 2022). The regions of 
South Asia, sub-Saharan Africa, East Asia, 
and the Pacific generally have the highest 
incident rate, and S. typhimurium is 
considered endemic in these regions (Als et 
al, 2018). These areas also often lack the 
antibiotics to treat S. typhimurium, leading to 
higher mortality rates (Barrett & Stanberry, 
2009). Additionally, the emerging resistance 
to first line antimicrobials increases treatment 
costs and deaths from the infection (Saporito, 
2017). 

Some bacteria, including S. typhimurium 
spreads most commonly through the feces of 
infected individuals. These individuals with 
S. typhimurium can become asymptomatic 
carriers, who remain contagious for years 
(Vyas, 2021). Thus, proper sanitation is 
especially important in controlling the spread 
of S. typhimurium. Water chlorination and 
sand filtration created better public water 
systems while waste treatment facilities 
increased, and sewage construction grew. 
These advancements protected water quality 
and led to a decrease in typhoid fever (Barrett 
& Stanberry, 2009).  

Typhoid fever is most common in 
individuals ages 5-19 in endemic areas. Only 
occurring in humans, typhoid is frequently 
transmitted through ingestion of food or 
water contaminated by patients and carriers. 
However, transmission is also possible 
through direct person to person contact 
(Colomba et al, 2008). Symptoms of typhoid 
fever include fever, abdominal pain, small 
red spots on the abdomen and chest, severe 
diarrhea, and fatigue (Vyas, 2021). Illness 
usually lasts 4-7 days; however, it can last 
longer if the infection spreads to distant 

organs and the bloodstream (CDC, 2013).  
After an individual is infected, S. 

typhimurium adheres to the small intestine 
and enters the submucosal region of the 
ileum, the final segment of the small bowel, 
before causing an increase in growth of the 
Peyer’s patches. The organism spreads from 
the Peyer’s patches through the bloodstream 
and lymphatic system and begins replication 
in the reticuloendothelial system, eventually 
causing symptoms that will be observed in a 
doctor’s office (Figure 1). After replication, 
organisms will stay in the macrophages of the 
liver, spleen, and bone marrow (Ashurst et al, 
2022). Even after proper antibacterial 
treatment, 1-5% of typhoid patients become 
chronic carriers, meaning the patient excretes 
bacteria in their stool for over a year 
(Colomba et al, 2008). 

To prevent the spread of S. typhimurium 
in vulnerable populations, we hope to create 
a detector to stop individuals from ingesting 
contaminated food and water. Our solution 
would be quick, affordable, and reusable, 
allowing households to test the food and 
water they ingest for S. typhimurium and help 
stop the spread of disease.   

Systems level 
In order to detect S. typhimurium in samples 
of food, we will express the antibody to S. 
typhimurium on the surface of S. cerevisiae. 

Figure 1. Illustration of the process of S. 
typhimurium infecting the body through the small 
intestine to the lymphatic system.  
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The antibody will be “glued” onto the surface 
of the yeast with a-agglutinin complex 
subunits (Aga1p and Aga2p) (Figure 2) 
(Valldorf et al, 2021).  The yeast displaying 
the antibody on its surface will be placed in 
liquid media to reproduce, and a small 
portion will be removed each time in order to 
test a sample for S. typhimurium 
contamination. The food sample will be 
placed in the portion of yeast solution for 
testing.  

The antibody to S. typhimurium will be 
constructed using the Golden Gate cloning 
approach, which allows for multiple DNA 
fragments to be combined into one functional 
antibody. Both destination and entry vectors, 

along with the Type IIS enzyme and ligase, 
are placed in a single tube. The approach 
ensures, through the inclusion of Type IIS 
enzymes, that the selected DNA fragments 
combine to form the intended antibody 
(Valldorf et al, 2021.)  

If S. typhimurium in the sample binds to 
the antibody, it will initiate a signal 
transduction pathway that remains unknown. 
This pathway will trigger a release of protons 
into the surrounding liquid media. A pH 
indicator, such as Bromophenol blue, will be 
added to the solution, and the increase in 
proton concentration will trigger a color 
change from blue to yellow. This color 
change will indicate S. typhimurium 

Figure 2. When S. typhimurium binds to its antibody, which is expressed on the surface of the yeast, a 
signal transduction pathway is initiated, resulting in a release of H+ ions into the solution. Detected by an 
indicator, the release of H+ ions will cause the solution to turn yellow. 
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contamination (Figure 3). 

Device level 
We chose S. cerevisiae as a chassis because 
it is well-known and can self-generate. Using 
a-agglutinin complex subunits (Aga1p and 
Aga2p), we will attach the antibody to S. 
typhimurium, which will be constructed with 
the Golden Gate Cloning approach, to the 
yeast surface, similar to previous 
experiments that used this technique for yeast 
surface display. (Weicher et al, 2020) 
In order for our solution to be successful after 
S. typhimurium binds to its antibody, it must 
initiate a signal transduction pathway that 
will result in a release of protons into the 
surrounding media (Figure 3). Though that 
pathway has not yet been defined, it is 
essential to the function of the system; thus, 
further research will focus on identifying this 
pathway. Previous research has proven that 
synthetic biology can be used to initiate 
transmembrane proton release through the 
capture of light energy. (Hirschi et al, 2019) 
Thus, we will investigate methods to initiate 
proton release related to both harnessing light 
energy and high-energy substrates. 

This proton release will be detected with 
a pH indicator. Based on our research, we 

have identified Bromophenol blue as a 
potential candidate because it changes color 
at a pH slightly lower than that of yeast. 
(Zhao et al, 2001) This range would be 
beneficial because it would detect an increase 
in the normal acidity of S. cerevisiae. 
However, as we construct and test our 
solution, we may reconsider indicator choice 
based on our results.  

Parts level 
To construct the antibody to S. typhimurium, 
we plan to use the Golden Gate Cloning 
approach. We chose this approach because 
multiple fragments of DNA can be cloned 
simultaneously in order to produce one 
antibody to display on the surface of the yeast 
(Valldorf et al, 2021). As outlined in recent 
research, there are two ways to construct an 
antibody: a two-directional system and a 
bicistronic system. Within the two-
directional system, the Gal1 promoter is used 
to express the heavy chain, and the Gal10 
promoter is used to express the light chain. 
Within the bicistronic system, ribosomal 
skipping is used to create the antibody. 
(Rosowski et al, 2018). Based on further 
research, we will choose the system of 
antibody construction that is most relevant to 
the context of our research. 

In order to allow the S. typhimurium 
antibody to bind to S. cerevisiae, we will use 
an a-agglutinin protein, which is expressed 
by S. cerevisiae and alpha cells. Agglutin 
works when the antigen mixes with its 
corresponding antibody at the correct pH and 
temperature, which is lower than room 
temperature, explaining why our yeast 
solution will need to be refrigerated.  

The a-agglutinin is composed of two 
subunits: Aga1p and Aga2p. The Aga1p 
subunit anchors, or “glues,” a-agglutinin to 
the S. cerevisiae cell. The Aga2p subunit 
adheres to the antibody, attaching the 
antibody to S. cerevisiae. Both of these 
subunits are expressed in alpha and a cells, so 
we will be able to attach them to the S. 
cerevisiae cell. (Nobel, 1995) 

The specific pathway by which proton 
release will be initiated has not yet been 
defined. In order to construct our solution, we 
must define this pathway; this is the focus of 

Figure 3. Illustration of the color change that 
occurs as a result of a food sample contaminated 
with S. typhimurium being added to the yeast 
solution.  
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future research. Although we have not yet 
identified a specific pathway, we have 
concluded that a transmembrane proton 
pump relies either on light energy or high-
energy substrates, such as ATP. In 2019, a 
group developed a light-energized synthetic 
biology proton pump, proving that such a 
pathway can be created using synthetic 
biology. (Hirschi et al, 2019) Based on this 
research, it is likely that a similar signaling 
pathway can be found and used in our yeast 
solution. 

Safety 
The system will be developed in a lab, using 
the Golden Gate Cloning approach to 
construct the antibody to S. typhimurium. 
Then, the antibody constructed will be 
“glued” onto the surface of the yeast with a-
agglutinin complex subunits (1p and Aga2p). 
Both techniques have been previously tested 
with S. cerevisiae and shown to be safe, 
decreasing any risk of harm to developers. 
(Valldorf et al, 2021) 

When testing the solution, live S. 
typhimurium cultures must be used in order 
to determine its functionality. Although S. 
typhimurium can cause serious illness if 
ingested, precautions will be taken in order to 
prevent the spread of disease. When working 
with S. typhimurium, which is done in a BSL-
2 lab, developers will wear PPE and avoid 
touching their mouth, face, or other surfaces. 
After concluding an experiment, PPE must be 
disposed of, surfaces must be wiped down 
with antibacterial wipes, and developers must 
wash their hands thoroughly. Access to a 
sink, biological safety cabinet, and an 
eyewash station is required. No food will be 
allowed in the lab.  

Because the solution is self-regenerating, 
no potentially harmful preservatives will be 
added to the solution. By avoiding the use of 
preservatives, which can be harmful if 
ingested or disposed of incorrectly, we will 
be able to avoid harming users and the 
environment.  

However, because the yeast solution is 
self-regenerating, it has the potential to 
mutate and spread that mutation to later 
generations. Though many mutations are 
harmless or have little effect, there is 

potential for a harmful mutation to spread. 
After we construct the yeast solution and 
conduct tests to determine how prevalent 
significant mutations are, we will be able to 
evaluate the risks posed by potential 
mutations. If mutations appear to pose a 
significant threat, we can implement a testing 
program where users can periodically send a 
sample to a lab in order to ensure that their 
yeast solution does not contain harmful 
mutations. However, as of now, it does not 
seem to pose a significant risk; there does not 
seem to be a greater risk of mutations than 
people working with baking yeast.  

Discussions 
Our project is an effective solution for testing 
in vulnerable populations because it is self-
regenerating and simple to use, making it 
accessible for everyday use. Because yeast 
solution can be grown in a home with only a 
small portion used per test, similar to a starter 
used in baking bread, it would be a one-time 
purchase for a home or community, 
minimizing cost. 

Unlike conventional techniques, which 
are generally lab-based tests such as a PCR or 
ELISA, our solution can be easily used 
outside the lab, increasing accessibility in 
areas where people do not have reliable 
access to lab-based tests. Because the 
populations most vulnerable to S. 
typhimurium contamination also lack reliable 
access to lab-based screenings, they are often 
unable to test for contamination, rendering 
conventional S. typhimurium detectors 
useless. Although our solution would need to 
be refrigerated, increasing access to 
refrigeration is simpler than increasing access 
to laboratories. We are also exploring the 
possibility of freeze-drying the yeast, which 
would eliminate the need for refrigeration 
and increase ease of transport. Because our 
solution, unlike many conventional detectors, 
can be used outside the lab, it will allow for 
people in vulnerable areas to access testing, 
even if there is no lab nearby. 

The color change as an indicator of S. 
typhimurium contamination would also be an 
easy-to-interpret result, allowing people who 
may be unfamiliar with more complex 
scientific techniques to use and understand it. 
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Conventional techniques, which are 
generally lab-based tests such as a PCR or 
ELISA, cannot be performed in the average 
home. Results are technical, and people 
without scientific backgrounds would not be 
able to interpret the results even if they had 
access to those tests. By removing the barrier 
presented by complicated processes, our 
testing solution will be accessible to the 
average person, increasing testing for S. 
typhimurium and increasing food safety.  

However, our solution does present some 
challenges, mainly through a lack of testing. 
Because we have not yet constructed the 
yeast, we have not yet been able to determine 
the intensity of the color change in proportion 
to the level of S. typhimurium contamination. 
In order to construct and test our solution, we 
must identify the signal transduction pathway 
that causes the release of protons when S. 
typhimurium binds to the antibody presented 
on the surface of the yeast. Then, after we 
construct the solution, we can resolve our 
challenge by adding varying amounts of S. 
typhimurium and then observing the resulting 
color change. 

Another challenge that can be resolved 
after yeast construction is the media in which 
it will be stored. After we construct the yeast, 
we can determine the liquid media in which 
it will grow best. However, because our 
design depends on a pH indicator, we must 
ensure that the media does not change the pH 
significantly. After construction, we can test 
the pH of the media, and depending on the 
result, we can reconsider our choice of 
indicator in order to provide accurate results.  

Next Steps   
In order to successfully construct our 
solution, we must enumerate the pathway by 
which a release of protons can be initiated 
after S. typhimurium binds to its antibody. 
We must also determine which system of the 
Golden Gate Cloning approach we will use in 
order to construct the antibody to S. 
typhimurium.  

In order to better understand how to 
create our solution, which uses yeast surface 
display, we plan to complete an experiment 
about yeast transformation. Using the Golden 
Bread experiment from BioBuilder, we plan 

to bioengineer yeast to contain more 
vitamins. After completing this experiment, 
we will better understand the process of yeast 
transformation, which will help us better 
understand how to construct a yeast surface 
display. Once we have completed this 
experiment and conducted further research 
on the pathway that causes proton release, we 
will be able to begin construction of our 
solution.  
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