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DESIGN BRIEF

Targeting the gut-brain axis: A multi-pathway engineered
yogurt for mild depressive symptoms
Mitch Hooten, Elisabetta Huff, Josephine Lo, Ben Ross, and Evan Sun■Western Reserve Academy, Hudson,Ohio, United States
Reviewed on 9 May 2026; Accepted on 22 June 2026; Published on 26 October 2026Depression affects an estimated 332 million people globally, yet current treatments like Selective Serotonin Re-uptake Inhibitors (SSRIs) show limited efficacy in addressing underlying physiological depression contributors,such as gut inflammation and microbiome imbalances. This project proposes a functional yogurt containingan engineered probiotic to mitigate mild, subclinical depressive symptoms via the gut-brain axis. Yogurt pro-vides a nutrient-densematrix that supports gut health and reduces inflammation. The probiotic Bacillus subtilis(BS50) will be genetically modified to produce bile salt hydrolase (BSH). By inserting the bsh1 gene from Lacto-
bacillus plantarum RK21, the engineered BS50 intends to decrease gut inflammation through the interruptionof interleukin-6 (IL-6), an inflammatory cytokine elevated in depression. Additionally, native BS50 contains thetrp operon for tryptophan synthesis, providing the essential precursor to serotonin, a neurotransmitter whosedysregulation is linked tomooddisorders. Following successfulmodification, the engineeredBS50will be incor-porated into a yogurt culture for fermentation, ensuring delivery within a familiar and accessible food matrix.This food-based intervention integrates synthetic biology, nutrition, and microbiome science to offer a promis-ing, sustainable alternative to traditional pharmacotherapies for managing milder depressive symptoms.
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g/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited.Depression remains a global crisis, with subclinicaldepressive symptoms acting as significant pre-cursors risk factors for major depression (Zhang et al.,2022). According to the World Health Organization,approximately 332 million people have depression,and in 2021, an estimated 727,000 people lost theirlives to suicide (World Health Organization, 2025). Inthe United States alone, the National Institute of Men-tal Health reports that 21 million adults, or 8.3% ofthe adult population, experienced at least one majordepressive episode in 2021 (2023). This prevalencewithin a single nation underscores the broader globalimpact of major depressive disorder (MDD), which isestimated to affect 10–20% of the general population.MDD is characterized by a persistently low mood anda loss of interest in normal activities for at least twoweeks (Cleveland Clinic, 2022).Although clinical depression requires a physician’sdiagnosis and is often treated with antidepressants,

many people struggle with milder, subclinical depres-sive symptoms. These symptomsmay not be severe orpersistent enough to meet diagnostic criteria, yet theystill diminish well-being and daily functioning, leav-ing individuals at risk for MDD development if left un-treated (Zhang et al. 2022). To support individualswith light to moderate symptoms, we propose an in-novative, supportive, and non-pharmaceutical yogurtthat incorporates proteins, anti-inflammatory com-pounds, and genetically engineered probiotics to pro-mote health and indirectly increase serotonin levels inthe gut microbiome.While therapy, diet, and lifestyle changes are crucialparts of treatment, medication is often a first line of de-fense, such as Selective Serotonin Reuptake Inhibitors(SSRIs). However, some individuals may not qualifyfor prescriptions or may avoid them due to concernsabout pharmaceuticals. Many of these concerns stemfrom unintended side effects that exacerbate depres-
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Figure 1. Selective Serotonin Reuptake Inhibitors (SS-
RIs) block the reuptake of serotonin. They work by bind-
ing to the Serotonin Transporter (SERT) on the presy-
naptic nerve’s axon terminal. This prohibits the reup-
take of serotonin, forcing the serotonin to aggregate on
the synaptic cleft of the postsynaptic nerve.

sive symptoms.SSRIs are the most commonly prescribed antide-pressants nowadays, such as Prozac (fluoxetine) andZoloft (sertraline) (Selective Serotonin, 2024). Thesemedications are based on the “monoamine hypothe-sis,” which suggests that depression is linked to a defi-ciency of key neurotransmitters in the brain, like sero-tonin (Hillhouse & Porter, 2015). As seen in Figure 1,SSRIs work by blocking the reabsorption (reuptake) ofserotonin into the sending neuron, making more sero-tonin available in the synaptic cleft, the gap betweennerve cells, to improvemood and emotional regulation(Rush et al., 2006).Despite their widespread use, these medicationshave several significant limitations for a subset of pa-tients. Common side effects may include upset stom-ach, vomiting, or diarrhea; sweating; headache; sleepi-ness or trouble sleeping; drymouth; nervousness, anx-iety, or restlessness; shakiness; sexual problems, suchas lessened sexual desire, trouble reaching orgasm, orerectile dysfunction; and changes in appetite leadingto weight loss or gain. These side effects deter manyof those struggling with depressive symptoms fromseeking pharmaceutical aid. Additionally, while SSRIswork by increasing the brain’s efficiency to utilize pre-existing serotonin, these medications do not facilitateserotonin biosynthesis and may ultimately exacerbateserotonin deficiency. In one study, the treatment ofSSRIs resulted in a dramatic further depletion of sero-tonin tissue levels by 80% in R439H Tph2 KI human-ized mice. The R439H Tph2 KI mouse is analogous toa rare mutation in tryptophan hydroxylase 2 (Tph2),the rate-limiting enzyme for serotonin synthesis in hu-mans, that was identified in several patients with ma-jor depression (Siesser et al., 2012).Continuing, the SSRIs fail to combat another pri-mary contributor to depressive symptoms: inflamma-

tion. Inflammation is the body’s naturalway of fightingoff infections or healing injuries; however, chronic in-flammation can harm both physical andmental health.A growing body of research from Emory University,supported by the National Library of Medicine, hasidentified elevated pro-inflammatory cytokines, suchas C-reactive protein (CRP), interleukin-6 (IL-6), andtumor necrosis factor-alpha (TNF-α), in patients withdepression (Miller, 2025). These cytokines are notonly indicators of systemic inflammation but also ac-tive disruptors of neural signaling, capable of cross-ing the blood-brain barrier and interfering with neu-rotransmitter synthesis and neuroplasticity (Yang etal., 2022). This inflammation contributes significantlyto the onset of depressive symptoms through immuneand neurochemical pathways.Evidence also suggests that protein deficiency canworsen major depressive disorder. Diet and relatedeating habits have been identified as protective fac-tors against psychiatric disorders, as there are similarbiological mechanisms that link depression and car-diometabolic diseases (Zielińska  et al., 2023). Proteinsare composed of amino acids, several of which, partic-ularly tryptophan and tyrosine, are precursors to keyneurotransmitters like serotonin, dopamine, and nore-pinephrine (Jouni et al., n.d.). A diet low in proteinlimits the body’s capacity to synthesize these neuro-transmitters, leading to imbalances in mood regula-tion. Furthermore, dysbiosis in the gut microbiome,especially overgrowth of pathogenic bacteria, furtherimpairs gut barrier function and serotonin signaling inthe enteric nervous system (Shen et al., 2025).Yogurt has previously been used for maintaininggut microbiome health; however, leading brands areplagued with many limitations and do not aim to al-leviate depressive symptoms. Some critics argue thatActivia, a preexisting yogurtmarketed as gut beneficialand promoting defecation, offers limited advantage formeaningfully shaping the gut microbiome, largely be-cause its signature probiotic strain tends to have onlya temporary presence in the digestive tract (Katan,n.d.). Likemany commercial probiotics, Activia’s straindoesn’t reliably colonize the gut, so any effects maydiminish quickly once consumption stops. A yogurtwith multiple active cultures, minimal added sugar,and simple ingredients can be a better choice for peo-ple seeking general microbiome support, as the diver-sity of strains and lower sugar content may encouragea healthier microbial environment overall.Moreover, anti-inflammatories such as ibuprofencannot simply be taken to address gut inflammation.Ibuprofen is a Nonsteroidal anti-inflammatory drug(NSAID) that can increase gastrointestinal symptomsand irritate the stomach lining, leading to an ulcer (a
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small erosion) (Fields, 2025). It also fails to addresschronic low-grade inflammation.Striving to palliate depressive symptoms, our prod-uct comprises a redesigned strain of Bacillus subtilis,along with naturally occurring anti-inflammatories.The goal is to increase tryptophan levels, a precur-sor to serotonin, in the gut and decrease inflamma-tion through bile salt hydrolase. Bacillus subtilis–a sporulating, Gram-positive bacterium– remains thebest-studied model organism of the Gram-positive lin-eage (Errington & Aart, 2020). The bacteria are fast-growing and easy to cultivate, making them apt formass production of yogurt. The BS50 genome does notencode any known Bacillus toxins, making it safe forhuman consumption (Brutscher et al., 2020). For oursolution, wewill isolate the strain BS50 as our base forreplication. BS50 is a probiotic and has been found toalleviate gastrointestinal symptoms by helping to rem-edy the gut microbiome (Garvey et al., 2022). Probi-otics are live microorganisms that, when administeredin adequate amounts, confer a health benefit to thehost (Brutscher et al., 2020). Recent studies suggestthat probiotics may enhance serotonin signaling, a keypathway involved in regulating mood, cognition, andvarious physiological processes (Akram et al., 2023).Serotonin, also known as 5‐Hydroxytryptamine(5‐HT), serves as a crucial neurotransmitter and hor-mone present in platelets, playing vital roles in boththe peripheral nervous system (PNS) and the cen-tral nervous system (CNS). Approximately 90% of thebody’s serotonin is located and synthesized in the gas-trointestinal tract (GIT), while 10% can be found in theCNS. Serotonin is widely recognized for its role in thedevelopment and progression of various neurologicaldisorders (Akram et al., 2023). Circulating platelets inthe GIT sequester 5-HT, releasing it to promote home-ostasis and distributing it to various body sites (Yanoet al., 2015). Furthermore, peripheral serotonin sup-ports nutrient absorption and storage and influencesthe composition of the gut microbiota (Akram et al.,2023).Not only does gut serotonin influence the gut mi-crobiota, the serotonin reaches the brain through thegut-brain axis to influence mood. The gut-brain axisis a bidirectional communication network connectingthe enteric and central nervous systems. Beyond itsanatomical links, it encompasses endocrine,metabolic,immune, and humoral pathways. Through the au-tonomic nervous system, the hypothalamic-pituitary-adrenal (HPA) axis, and gastrointestinal nerves, thissystem enables the brain to regulate intestinal func-tions, including immune activity, while allowing thegut to influence mood, cognition, and mental health(Appleton, 2018).

To indirectly increase gut serotonin levels, BS50pos-sesses the tryptophan operon (TRP), which codes fora tryptophan biosynthesis pathway (Gollnick, 1994).Tryptophan is an essential amino acid critical for pro-tein synthesis in humans that has emerged as a keyplayer in the microbiota-gut-brain axis. It is the soleprecursor of the neurotransmitter serotonin (Roth etal., 2021). The bacterial operon comes complete witha sensor that reduces tryptophan production whenthere is an abundance, greatly lowering the chancesof oversupply. Oversupply of tryptophan can leadto an overproduction of serotonin, possibly leadingto serotonin syndrome. Serotonin syndrome occurswhen there is too much serotonin in the body, caus-ing insomnia, fever, shivers, and many other compli-cations. In severe cases, it can lead to irregular heart-beat, seizures, and eventually death (Serotonin Syn-
drome, n.d.). ByusingBacillus subtilis insteadof trypto-phan supplements, we can greatly reduce the chancesof oversupply.In addition to the beneficial increase of tryptophan,we can genetically modify Bacillus subtilis to indirectlyreduce depressive symptoms through the introductionof a bile salt hydrolase (bsh) gene from a native gutbacterium. To date, there are no published studiesdemonstrating that Bacillus subtilis or any other pro-biotic has been genetically engineered to express a bshgene specifically with the goal of reducing depressionor depressive symptoms in humans or animal mod-els. While bsh is awell-characterized enzymenaturallypresent in several commensal gut bacteria, including
Lactobacillus and Bifidobacterium, its primary studiedroles have been in modulating bile acid metabolismand host metabolic outcomes such as glucose and lipidhomeostasis (Bourgin et al., 2021). Engineered ex-pression of bsh has been achieved in model gut bac-teria for the purpose of altering bile acid (BA) poolsand improving metabolic parameters, demonstratingthe technical feasibility of introducing this gene intoprobiotic strains (Joyce et al., 2014). For our yogurt, wewill insert the bsh1 gene from L. plantarum RK21. Thebsh1 gene from L. plantarum RK21 is homologous tothe bsh1 gene of L. plantarum AR113, which has beenfound to reduce inflammation (Shao et al., 2023). Bshenzymes deconjugate host bile acids through the cleav-age of conjugated amino acids, such as glycine or tau-rine, and BAs.That cleavage reshapes the intestinal bile acid pooland alters downstream signaling through bile acid re-ceptors such as Farnesoid X Receptor (FXR) and Gprotein–coupled bile acid receptor 1 (TGR5) (Baars etal., 2015). These signaling pathways play a key rolein regulating gut inflammation, epithelial barrier in-tegrity, and immune balance, including the promotion
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Figure 2. BSH active site, cysteine, performs a nucleophilic attack on the amide bond at Carbon 24 through hydrol-
ysis, releasing the unconjugated bile acid, a free glycine, and water.

of FoxP3⁺ regulatory T cells, which suppress excessiveinflammatory responses (Campbell et al., 2020). SeeFigure 3.Because chronic low-grade inflammation and im-mune dysregulation are strongly associated with de-pression, modulation of bile acid signaling can reducepro-inflammatory cytokines such as IL-6 and normal-ize stress-related HPA axis activity. Importantly, thisapproach does not rely solely on direct productionof neurotransmitters or their precursors, but insteadleverages established gut–immune–brain communica-tion pathways, making it a safer and more biologicallydefensible method for influencing depressive symp-toms through an ingestible, engineered bacterium.In conjunction with our genetically enhanced bac-terium, our product will incorporate proteins, impor-tant nutrients that help build and repair body tissues,make hormones, and support the immune system inthe form of yogurt. Yogurt is composed of two com-plete proteins called whey and casein (Sumi et al.,2023). Proteins are composed of small parts calledamino acids, which are needed to synthesize neuro-transmitters. When someone does not ingest enoughprotein, the body may not have enough amino acids toproduce these hormone-regulating chemicals (Teng etal., 2025). This can lead to low energy, sadness, andanxiety, which are common symptoms of depression.Furthermore, yogurt is a source of various vitaminsandminerals. For instance, calcium absorption is facil-

itatedby the galacto-oligosaccharides and casein phos-phopeptides found in dairy products, making yogurta good source of calcium (Sumi et al., 2023). Yogurt,like milk, also contains high levels of short-chain fattyacids, which are found to reduce inflammation througha variety of processes, including the regulation of theproduction of IL-6 (Vinolo et al., 2011).Additionally, our productwill utilize anthocyanins toaid in the reduction of inflammation. Anthocyanins arepigments found inmany fruits and vegetables that givethem red, purple, and blue colors. They are a type offlavonoid with antioxidant properties that have beenfound to reduce the inflammation that leads to depres-sive symptoms (Millar et al., 2025). In our product,these anthocyanins would be introduced through thedifferent flavors, such as blueberry or strawberry forappealing taste to consumers. While the protein fromthe yogurt and anthocyanins will not directly increaseserotonin levels, they will indirectly aid the modifiedbacteria in serotonin synthesis through the productionof the precursor, tryptophan; however, they will di-rectly support the decrease in inflammation and, ulti-mately, support homeostasis of the gut-brain axis.By inserting the bsh1 gene from L. plantarum RK21,our goal is for Bacillus subtilis to possess the ability tosynthesize and regulate tryptophan and produce bsh1.This work aims to indirectly increase serotonin levelsin the gut and reduce inflammation through the pro-duction of tryptophan and deconjugation of BAs, tar-
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Figure 3. BSH1-mediated deconjugation of primary bile acids reshapes the intestinal bile acid pool, promoting
the generation of secondary bile acidmetabolites. This shift alters host receptor signaling (notably FXR and TGR5),
creating an anti-inflammatorymilieu that supports dendritic cell tolerogenic function and directly enhances Foxp3
expression in CD4⁺ T cells, thereby promoting regulatory T cell (Treg) differentiation and immune homeostasis.

geting gut-immune-brain pathways involved in moodregulation. The combination of our genetically en-hanced BS50 with yogurt proteins and added antho-cyanins is intended to alleviate subclinical depressivesymptoms as a supportive, non-pharmaceutical ap-proach for the thousands of people who struggle withtheir symptoms daily. An overview of the proposedmechanism and expected effects can be seen in Figure4.
Systems levelOur intervention acts as a multi-component biologicalsystem that combines a genetically engineeredBacillus
subtilis BS50 strain, yogurt-based nutrients, and natu-ral anti-inflammatory compounds to influence the gut-brain axis. The engineered probiotic aims to producebile salt hydrolase (BSH1), which alters the bile acidprofile in the intestine. This process is known to pro-mote anti-inflammatory regulatory T cells and lowersystemic inflammation (Campbell et al., 2020). At thesame time, the probiotic inherently produces trypto-phan in the gut, the primary precursor to serotonin,and, like native gut bacteria, indirectly increases sero-tonin production (Yano et al., 2015). We have chosenyogurt as the nutritional matrix, since it provides es-sential proteins and fatty acids that help maintain gutbarrier integrity and support neurotransmitter pro-duction. Additionally, anthocyanins offer direct antiox-idant and anti-inflammatory benefits. Together, theseelements form a multi-targeted approach aimed at ad-dressing neurotransmitter deficiencies and the inflam-matory state linked to subclinical depression.Device levelThe base chassis for our experiment, Bacillus subtilis

Figure 4. Overview of the proposed engineered probi-
otic yogurt system. This figure shows how genetically
modified Bacillus subtilis BS50 expressing bile salt hy-
drolase (BSH1) may support gut health while reducing
inflammation and enhancing tryptophan and serotonin-
related pathways. This will lead to improving gut-brain
axis functions to help manage mild depressive symp-
toms.
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BS50, was selected for its well-characterized trypto-phan (trp) operons, which provide a precise model ofgene regulation via transcription attenuation. We willleverage this system to control the expression of tar-get genes by exploiting the Tryptophan-activated RNA-binding Attenuation Protein (TRAP). TRAP is a largecomplex composed of 11 identical subunits (encodedby mtrB), thatnaturally assemble into a ring-shapedstructure often described as a “molecular doughnut.”Evenwithout tryptophan, this ring exists, but it cannotbind RNA effectively.When tryptophan levels are high, TRAP binds to theleader RNA, inducing the formation of an attenuatorsequence that terminates transcription. In contrast,low tryptophan levels allow the formation of an an-titerminator structure, enabling full transcription ofthe operon. This regulatory system allows us to fine-tune gene expression in response to intracellular tryp-tophan levels.To introduce functionalmodifications,wewill utilizethe BSH enzyme, such as BSH1, which catalyzes the de-conjugation of bile acids. The enzyme’s active site cys-teine performs anucleophilic attack on the amide bondlinking the bile acid (cholic or chenodeoxycholic acid)to glycine or taurine, releasing the unconjugated bileacid (Reference Figure 2). This activity is a key step inhow the gut microbiome processes host bile acids andcan be monitored to assess enzyme functionality.By integrating the trp operon’s regulatory controlwith BSH1 expression, we aim to create a tightly reg-ulated system in which BSH activity can be modulatedby tryptophan availability. This design provides botha mechanistic and functional framework for study-ing enzyme regulation and host-microbe interaction inBS50. Low levels of tryptophan are linked to low-gradechronic inflammation (Sorgdrager et al., 2019). By en-abling the production of BSH enzymes when trypto-phan levels are low to decrease inflammation, we aimto alleviate gastrointestinal problems associated withdeficiencies in key amino acids and relatedneurotrans-mitters.
Parts level
Bacillus subtilis has long been used for recombinantprotein production due to its fast growth, ease of cul-tivation, and cost-effectiveness. The strain BS50 waschosen for its ability to alleviate gastrointestinal symp-toms by helping to remedy the gut microbiome (Gar-vey et al., 2022). Additionally, BS50’s genome doesn’tencode any known Bacillus toxins, making it safe forhuman consumption. This bacterium has a geneticallyregulated competence system that allows the uptakeof external DNA via competence genes such as comA,

comK, and comL. Modified bacteria have been shownto possess enhanced DNA recombination abilities, andwild-type strains naturally accept foreign DNA for hor-izontal gene transfer (Xingya et al., 2024). Insteadof undergoing complex genetic modification proce-dures, the strain naturally possesses cellular mecha-nisms that allow it to accept our recombinant DNA viathe heat shock method, as shown in Figure 5.Moreover, BS50 replicates via binary fission, allow-ing the bacteria to double in approximately 20-30min-utes under optimal conditions at 37°C (Sharpe et al.,1998). These attributes of BS50, in conjunction withtheir inherent ability to produce tryptophan, makethem well-suited for our purposes of introducing anenhanced probiotic into the gut.For genetic construction, we will use the pUB110plasmid backbone because it is a multicopy plasmid,meaning that many copies exist per cell. The plasmidhas been reported to have a copy number of approxi-mately 48 per cell in Bacillus subtilis, enablingmediumto high levels of recombinant gene expression (Leon-hardt, 1990). pUB110 replicates efficiently in B. sub-
tilis using a theta replication mechanism at the repli-cation origin oriU, which is recognized by the initiatorprotein RepU (Scheer-Abramowitz et al., 1981). Thisensures that our engineered genes would be main-tained and would reduce plasmid loss during bacterialgrowth. Furthermore, the plasmid backbone carriesa kanamycin resistance gene, which allows for selec-tion of successfully transformed cells post-heat shock(Sadaie et al., 1980). Reference Figure 6.Constitutive expression of the TRAP protein will beachieved through the strong lactate dehydrogenasepromoter (PldhL). TheTRAP-regulated expression cas-sette is positioneddownstreamand consists of thepro-moter followed by a trp leader sequence containingmultiple TRAP binding sites and intrinsic antitermina-tor elements that mediate transcriptional control. Acanonical Shine-Dalgarno ribosome binding site (AG-GAGG consensus) is upstream of the coding sequenceto ensure translation initiation. The coding sequenceincludes the BSH1 gene from L. plantarum RK21, fol-lowed by a strong rho-independent terminator foundin the B. subtilis rrnB operon (T1 terminator) to pre-vent read-through. In our system, increased trypto-phan levels within the gut activate TRAP, which bindsto the leader RNA and promotes the formation of atranscriptional terminator. The terminator repressesBSH1 expression. Under low tryptophan conditions,an antiterminator structure forms to allow full tran-scription and expression of the enzyme, as seen in Fig-ures 7 and 8.
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Figure 5. Heat shock transformation will be used to insert the plasmid into BS50 (chemically competent cells),
transforming it with the BSH1 gene from L. Plantarum RK21 before introducing the cells into the yogurt. First, the
cells andplasmidswill be incubated on ice for about 5-30minutes to facilitate plasmid binding to the cellmembrane.
Then, the cells will be subjected to heat shock at 42°C for 30 seconds before the cells are allowed to recover for 90
minutes. They will then be transferred to KB-selective agar for growth.

SafetyWith the proposed use of Bacillus subtilis, the require-ment of following Biosafety Level 1 (BSL-1) protocolswould take place. This occurs as there is little risk tohuman and environmental health. Standard lab proce-dures would take place, as well as the use of personalprotective equipment such as gloves, lab coats, andgoggles. This, along with an aseptic technique, wouldbe vital in ensuring no contamination during bacterialculture. In addition, as a food product, the final yo-gurt would require following regulatory standards tobe safe for human consumption.
Bacillus subtilis (including BS50) is generally re-garded as safe (GRAS) and is commonly used in pro-biotic applications, meaning minimal risk to humanhealth under normal conditions. When consumed, itinteracts primarily with the gastrointestinal system,where its BSH activity can modify bile acids, poten-tially influencing the gut microbiota composition andreducing inflammation, as shown in Figure 3. In ad-dition, tryptophan-responsive regulation may connect

gut metabolism to serotonin production through thegut-brain axis, which could have effects on mood andoverall well-being. However, excessive or unregulatedactivity may have unintended impacts on the humanbody. Overexpression of BSH could disrupt normal bileacid balance, potentially affecting lipid digestion andnutrient absorption. Changes in bile acid compositionmay also influence host metabolism and the stabilityof the gut microbiome. Furthermore, although rare,immune responses to engineered strains are possible,particularly in individualswithweakened immune sys-tems.In the United States, several agencies would be incharge of making sure this engineered probiotic sys-tem is safe for consumption and does not harm the en-vironment. The Food and Drug Administration (FDA)would assess the safety of modified Bacillus subtilis
(BS50) and the bsh1 gene under Generally Recognizedas Safe (GRAS) standards. The Environmental Pro-tection Agency (EPA) may also be responsible for theproject, as it is a biological product that could affect theenvironment. Bacillus subtilis carries a relatively lowenvironmental risk because it is naturally found in soiland is not highly invasive.
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Figure 6. The pUB110 plasmid backbone inherently car-
ries the Kanamycin resistant gene. We will create the
plasmid with the constitutive promoter PldhL and the
BSH cassette with the trp Leader Region and T1 termi-
nator. The BSH1 gene from L. bacillus will be our gene
of interest.

Figure 7. The synthetic line depicts the TRAP structure,
which was activated through the binding of tryptophan,
can inhibit the production of BSH by binding to the trp
leader region. If the TRAP is not activated, the ribosome
will continue to read down the line to produce BSH.

Some important things to consider are the stabilityof the pUB110 plasmid, the possibility of gene transfer,especially regarding antibiotic resistancemarkers, andthe reliability of the TRAP-dependent (kill-switch).Since we are utilizing the pUB110 plasmid back-bone, selection pressure comes from conferring akanamycin-resistant gene to the modified bacteria,which poses two potential limitations: horizontal genetransfer and inconsistent expression within the gut.The former poses a greater health and environmen-tal risk. Kanamycin is used to treat serious infectionscaused byEscherichia coli,Klebsiella, andPseudomonasspecies and as a second-line drug for tuberculosis

(Chang et al., 2022; Karney et al., 1973; Hotta & Kondo,2018). Within the gut microbiome, the antibiotic re-sistance gene from the plasmid could transfer into thegenomes of peripheral bacteria; ultimately, if the per-son contracted infections from said species, they willbe at risk of the bacteria also possessingKanamycin re-sistance. Additionally, through fecal excretion, the bac-teria could enter the environment and transfer resis-tance to surrounding biota. Moreover, when the bac-teria reproduce in the gut, they lose the selection pres-sure from the Kanamycin antibiotic, which may allowthe plasmid to become lost. To combat these dilem-mas, we propose only utilizing the plasmid modifica-tion route as a way to establish the viability and effi-cacy of our treatment.Murine models are commonly used as a preclini-cal step to evaluate the safety and functional perfor-mance of engineered systems, such as BS50, beforeany consideration of human application. Mice are awell-characterized mammalian host that enables theassessment of gut colonization, immune response, andpotential toxicity in a controlled in vivo environment(Zhang et al., 2021). For our project, mouse studieswould be particularly useful for validating the stabilityand efficacy of our TRAP-based regulation, the activityof bile salt hydrolase expression, and any unintendedside effects. However, despite their usefulness, mousemodels carry limitations due to physiological and mi-crobiome differences from humans. While positive re-sults do not guarantee translational success, these re-sults would allow us to move forward with the projectbefore introducing further validation in higher-orderpreclinical studies, tightly regulated clinical trial path-ways, and, ultimately, human application.Once sufficient evidence is gathered supporting thevalidity of our bacteria, we can utilize CRISPR sys-tems to create precise, marker-free chromosomal ed-its that eliminate the need for antibiotic resistance andrepeated selection. While the plasmid-based selectionis cheaper and easier for short-term murine studies,CRISPRwill provide amore robust and safer long-termapplication (Arroyo-Olarte et al., 2021); however, fur-ther research would need to be conducted to find anappropriate inducible kill switch for when the bacte-ria exit the body. Current possibilities include switchesthat rely on oxygen levels or temperature fluctuations.
DiscussionsOur engineered probiotic system has clear benefits,but also important limitations. The probiotic providestargeted, adaptive control by adjusting BSH1 expres-sion in response to tryptophan levels, increasing anti-inflammatory activity when tryptophan levels are low.
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Figure 8. Tryptophan levels regulate the expression of BSH1. High levels of tryptophan activate the TRAP mecha-
nism. The TRAP binds to the trp leader region, causing transcription termination and BSH expression to be turned
off. At low levels of tryptophan, the TRAP remains inactive and the RBS can read through with the antiterminator
and express BSH. Then BSH can deconjugate bile acids.

The yogurt also takes a multi-targeted approach bysupporting serotonin production, reducing inflamma-tion through bile acid modification, and improving guthealth with your nutrients and anthocyanins. The useofBacillus subtilisBS50 is another advantage, given theorganism’s safety, lack of toxins, and genetic modifi-cation. However, the system may perform inconsis-tently because gut conditions vary between individu-als, affecting tryptophan levels and bacterial activity.The TRAP system may also behave unpredictably in acomplex environment. There are safety concerns withusing genetically modified bacteria. Finally, this ap-proach does not fully treat depression, since the con-dition involves many biological and psychological fac-tors. That said, the probiotic shouldbe considered sup-portive rather than a complete solution.Public perception presents a significant challengefor our product. Many people are wary of ingesting ge-netically modified organisms (GMOs), especially whenthese organisms, such as Bacillus subtilis, are designedto actively regulate gene expression within the humangut microbiome. These concerns are rooted in fearsof long-term safety and unintended effects on the mi-crobiome. Additionally, broader skepticism about syn-thetic biology and its implications contributes to hesi-

tation toward supporting such technologies.To address these concerns, transparency and educa-tion are crucial in gaining trust from the public. Weneed to emphasize safety testing, clearly explainingcontainment and control mechanisms, and being re-alistic about benefits. Communication gaps could bea hindrance, since, without careful framing, our sys-tem might be perceived as overly complex and there-fore unsafe. On the flipside, oversimplifying or mak-ing strong health claims without clear clinical backingcan erode trust. By presenting our idea as a tightly reg-ulated, responsive system modeled on natural bacte-rial behavior rather than a heavily engineered inter-vention, we are more likely to gain acceptance.The pUB110 plasmid’s biological instability is thebiggest problem with our system. That’s why theCRISPR approach will prove more beneficial. The gutenvironment is constantly changing, which can lead toabnormal shifts in the bacteria. Implementing a TRAP-dependent kill switch is key to ensuring full biologi-cal containment and maintaining stringent regulatorycontrol over the engineered system. Finally, establish-ing the appropriate dosage and shelf life is key to en-suring that BSH production effectively reduces inflam-mation while avoiding gastrointestinal side effects.
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Current research shows that the gut microbiomeheavily influences mental health through its connec-tion to serotonin production and inflammation. Stud-ies show that certain gut bacteria can influence trypto-phanmetabolismand serotonin signaling, while gut in-flammation is linked to depressive symptoms (Kaur etal., 2019). In addition, probiotics and fermented foodslike yogurt arewidely used to support gut health. How-ever, most probiotics don’t reliably stay or perform inthe gut, so they can’t have a consistent effect onmentalhealth.Our solution builds on this research but takes amoretargeted, engineered approach. Instead of using probi-otic strains, we propose a designed biological systemthat increases tryptophan availability while reducinginflammation via bile salt modification. By combiningthese into a single, food-based platform, our approachaddressesmultiple pathways involved inmood regula-tion simultaneously.

Next stepsFirst, we will validate the transformation of Bacillus
subtilis BS50 with the BSH1 plasmid. This will be doneusing PCR and gel electrophoresis to ensure the con-struct is properly inserted. Once we have verified thetransformation, we will assess whether the system isfunctioning through bile salt hydrolase (BSH) activity.This will be possible by using bile salt deconjugationassays, which will help compare the engineered to thecontrol. Additionally, we will test the BSH expressionat different tryptophan concentrations. This will en-sure that the effectiveness of our TRAP-dependent sys-tem is tested, as well as that its expression is respon-sive to environmental conditions.To further ensure safety and control, wewill start byvalidating the TRAP-dependent kill switch. Thiswill bedone bymeasuring the bacterial growth before and af-ter activation. In addition, we will look at bacterial vi-ability and plasmid retention in the yogurt-based en-vironment. This will include refrigeration trials be-tween a 10-30 day period to help determine the shelflife. Should the bacteria fail to maintain viability, alter-native chassis modifications may be explored.To follow, we plan to advance to small-animal trialsto evaluate the safety and therapeutic benefits beforeproceeding with human trials. Once viability and effi-cacy are established in small murine trials, we will useCRISPR to create the modified probiotic without thekanamycin resistance gene. At the same time, we willbe improving the flavor and consumer appeal of the yo-gurt, potentially exploring partnerships with brands,and optimizing production efficiency. Finally, we willestablish concrete, standardized protocols for fermen-

tation, storage, shipping, and handling to ensure prod-uct consistency. Looking at the long term, we aim togain regulatory approval and scale up production ofour product, turning it into a functioning food product.
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