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BioFlavor synthesis: engineering flavor-producing
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Reviewed on 9 May 2026; Accepted on 22 June 2026; Published on 26 October 2026Yogurt is a dairy product valued for its nutritional and probiotic benefits, and it is often favored for its fruitytaste and soft texture. However, common industrial yogurt production often causes challenges that lead to in-consistent flavors and textures. These variations can alter the sensory profile of similar products, leading todiscrepancies in consumer perception and enjoyment. To address this issue, our team aimed to engineer a pro-biotic yogurt that produces fruity flavors. Additionally, we included a purple chromoprotein for visual verifica-tion and aesthetic appeal. This project builds upon our previous year’s research, transitioning from a theoreticalconstruct to an actual functioning biological system. Using Escherichia coli as our test vector for the system, wefocused on incorporating the ATF1 gene, which encodes an enzyme responsible for producing fruity-smellingesters such as isoamyl acetate, which creates a banana-like aroma. We first amplified the necessary plasmidcomponents using PCR and then assembled them with NEBuilder. The plasmids were tested in E. coli, and af-ter IPTG induction, we confirmed successful assembly and transformation via tsPurple, our visual marker. Toanalyze induction strength, we tested various IPTG concentrations and used SDS-PAGE to evaluate protein ex-pression objectively. In addition, we confirmed the expression of flavor esters produced through the catalyticconversion of substrates with ATF1 by surveys in which participants detected flavor aromas between samples.Overall, our project demonstrates a straightforward application of synthetic biology in engineering food prod-ucts. Addressing common issues like flavor consistency, reducing reliance on external additives, and creatinga sustainable, self-flavoring probiotic yogurt. This project serves as a stepping stone in next-generation foodproduction designed with accessible bioengineering.
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s.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original
work is properly cited.Yogurt is a widely consumed fermented dairy prod-uct that contributes significantly to human nutri-tion and digestive health. Benefits include its rich-ness in proteins, calcium, phosphorus, and essen-tial vitamins—including A, B, and B12—making ita valuable component of a balanced diet (Hadjim-bei, 2022). Its fermentation relies on the probioticstarter cultures Lactobacillus bulgaricus and Strep-
tococcus thermophilus, which help maintain the gutmicrobiota, enhance digestion, and support immunefunction (Popovic, 2020). These probiotics are also as-sociated with increased disease resistance and poten-tial anti-diabetic and anti-obesity effects, underscoringtheir importance in maintaining overall health (Wang,

2021). Moreover, the fermentation process naturallyreduces lactose content, allowing individuals with lac-tose sensitivity to consume yogurt more comfortably(MedlinePlus, 2020).Despite these benefits, yogurt production itselfposes several challenges. Extended fermentation canlead to excessive acidity, negatively affecting taste,while fluctuations in temperature may reduce probi-otic viability, compromising texture and nutritionalvalue. Additionally, flavoring agents and thickeningadditives can alter yogurt’s sensory properties, occa-sionally causing excessive firmness or undesirable tex-tures (Wajs et al., 2023).To address these limitations, this project focuses
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on enhancing both the nutritional profile and sensoryqualities of yogurt.Our approach utilizes Lactobacillus paracasei, a pro-biotic species frequently used in fermented foods andassociated with additional health benefits. The objec-tive is to enhance probiotic content by enabling bac-teria to biosynthesize natural flavor compounds. Thisstrategy improves the yogurt’s nutritional profilewhileminimizing the reliance on additives that can nega-tively affect texture.Due to the low transformation efficiency of L. para-
casei, a dual-host shuttle vector was selected to enableexpression of our ATF1-based flavor-producing path-way in both E. coli and L. paracasei. E. coli served as anintermediate host to validate plasmid assembly, trans-formation efficiency, and gene expression before intro-duction into L. paracasei (Hasan Sowrav et al., 2025).Our plasmid design incorporates two promoters toenable expression across both host organisms: a lacpromoter forE. coli and the PnisA promoter for L. para-
casei. To facilitate natural flavor production, we in-corporated the ATF1 gene, which is naturally foundin yeast and encodes the enzyme alcohol acetyltrans-ferase (AATase). This enzyme catalyzes the synthesisof esters such as isoamyl acetate, the compound re-sponsible for a distinct banana aroma. This approachutilizes synthetic biology to enable the in situ biosyn-thesis of natural flavors. ATF1. Isoamyl acetate iswidely used in food and beverage fermentation and isrecognized as safe for consumption (Verstrepen et al.,2003; FDA, 2023).To complement ATF1, our construct includes thetsPurple gene, which encodes a chromoprotein de-rived from sea anemones. tsPurple serves as a visualmarker of successful transformation and expression(Shih, 2015). Unlike antibiotic resistance markers,which are unsuitable for food-grade products, tsPur-ple provides a safe, non-antibiotic visual indicator. Itsvivid purple coloration also offers potential for devel-oping aesthetically appealing, naturally pigmented yo-gurt products (Sunico, 2024).Ultimately, this study aims to engineer a dual-hostplasmid that expresses both a flavor-producing en-zyme (ATF1) and a chromoprotein reporter (tsPurple)in L. paracasei and E. coli. The system was first vali-dated in E. coli, where IPTG induction successfully trig-gered gene expression, resulting in distinctly purplecolonies that confirmed functional activity.Protein productionwas further evaluatedusing SDS-PAGE under varying growth and induction conditionsto optimize expression levels. These findings provide asuccessful proof of concept for using recombinant vec-tors to produce natural flavor esters such as isoamylacetate. The work establishes a foundation for fu-

ture development of food-grade engineered microor-ganisms capable of producing naturally flavored pro-biotic yogurt products (Hasan Sowrav et al., 2025).To evaluate this system experimentally, we con-structed and tested a dual-host recombinant plasmidin E. coli before future application in L. paracasei.
Materials and methods
Bacterial strains and plasmids
We selected L. paracasei as the host organism because
it naturally ferments milk and offers recognized probi-
otic benefits. However, because of its low transfor-mation efficiency, the shuttle vector pUC57-pNZ8148was chosen. This vector carries the antibiotic resis-tance genes chloramphenicol acetyltransferase (CAT)and ampicillin resistance (AmpR) (Novopro, 2025). Itcan replicate in both E. coli and L. paracasei, enablingexpression in both hosts. The vector also includes the
lac promoter for E. coli and the nisin (PnisA) promoterfor Lactobacillus (Novopro, 2025).For visual and functional components, weused iGEMpart BBa_K1033906, generously provided by the Fru-gal Science Academy at Georgia Tech, which containsthe visual reporter gene tsPurple (Jamal, 2013). In ad-dition, the pJL1 ATF1 plasmid (Addgene), which car-ries the ATF1 gene encoding the alcohol acetyltrans-ferase (AATase) enzyme, was incorporated to enablethe production of natural flavor esters such as isoamylacetate, which is responsible for banana scent and fla-vor (Huang et al., 2018).
Plasmid design, initial transformationsPlasmid Construction Design: The intended order ofgene assemblywasVector→ tsPurple→ATF1 (insertedgenes within the vector backbone). This arrangementallows tsPurple to utilize the ribosome binding site(RBS) already present in the vector, ensuring efficienttranslation initiation. TheATF1 genewasplaceddown-stream to take advantage of an additional RBS intro-duced through a point mutation during amplification,supporting independent translation of both genes.Initial Transformations andPlasmid Extraction: Dueto limited initial quantities of tsPurple and ATF1 plas-mids, E. coli transformations were performed usingthe New England Biolabs (NEB) transformation pro-tocol. Transformed cells were cultured in LB mediumto amplify the plasmids. Plasmid DNA was then iso-lated using the Monarch® Miniprep Kit (NEB) fol-lowing the manufacturer’s protocol, yielding sufficientquantities for subsequent cloning and assembly exper-iments (New England Biolabs-Transformation proto-col, 2025).
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Figure 1. System-level overview of our design. The genetically engineered shuttle vector will first be tested in E. coli
before being modified and transformed into L. paracasei (Hasan Sowrav, 2025).

Figure 2. This figure demonstrates the induction of
AATase with Ethanol, Butyl, and Isoamyl to produce fla-
vorful esters. (Verstrepen et al., 2003)

Figure 3. Detailedmaps of the three plasmids used in the
experiments. To the left is the shuttle vector that carries
the genes from the other plasmids.

PCR amplification and vector preparationFor assembly, tsPurple and ATF1 fragments were am-plified using polymerase chain reaction (PCR), whilethe shuttle vector was amplified and linearized to ac-cept the inserts. Primer sequenceswere designedwithNEBuilder software based on the following regions(New England Biolabs (Q5 PCR), 2025): the tsPurplefragment from BBa_K1033906 (2036–2736 bp of thecoding region), the ATF1 region from pJL1 (666–2277bp), and the vector linearization site from 2456–2443bp. Primerswere synthesized by IntegratedDNATech-nologies (IDT,2017).The following is a chart of our primers for each plas-mid:Additionally, a point mutation was introduced in
pJL1 at 682 bp, changing AGGAGA to AGGAGG to gen-erate a functional ribosome-binding site (RBS) to en-hance translation efficiency.
Methods summary: DNA assembly,
transformation, and protein expressionPCR Cleanup: Before assembly, PCR cleanup wasperformed to maximize downstream efficiency. TheMonarch® PCR & DNA Cleanup Kit (5 µg) from NewEngland Biolabs (NEB)was used according to theman-ufacturer’s protocol to purify amplifiedDNA fragmentsand remove excess primers, nucleotides, and enzymes(New England Biolabs(Spin PCR & DNA Cleanup),2025).Plasmid Construction: The purified tsPurple and
ATF1 fragmentswere assembled into the shuttle vectorbackbone using NEBuilder HiFi DNA Assembly. Basedon the NEBuilder calculator, DNA fragments were di-luted as instructed and combined with the assemblymaster mix and incubated according to the manufac-turer’s instructions to facilitate seamless ligation (New
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Table 1Color-coded chart of the primers designed for each plasmid, including calculated meltingtemperatures (Tm) and amplicon lengths. (The chart was based on the results from using NEBuilderAssembly Tools.)

Name Primer 5’ (overlap/spacer/Anneal) Len. %GC 3’ %GC 3’ TmBackbone_fwd ggcatgcggtaccactag 18 61 61 65.7Backbone_rev ggtgagtgcctccttataatttattttg 28 36 36 63.4ATF1 pJl1_fwd ctttgagaccttttgttaactttaagaaggagg 33 36 30 57.6ATF1 pJl1_rev aactagtggtaccgcatgcccttattatggacccagcaac 40 50 45 60.2tsPurple_fwd attataaggaggcactcaccatggcgagcttggttaag 38 47 50 62.3tsPurple_rev gttaacaaaaggtctcaaagcttattacgtc 31 36 43 60.2

Figure 4. Map of plasmid regions amplified by PCR,
with color-coded fragments indicating targeted DNA
segments. Also, a simple diagram illustrating the NEB-
uilder process for assembling the recombinant plasmid.

England Biolabs (NEBuilder), 2025). The resulting re-combinant plasmidswere verified by gel electrophore-sis. This assembly design enables independent trans-lation of each gene, with individual ribosome-bindingsites (RBS) ensuring consistent and balanced gene ex-pression.Transformation (Competent Cells): The recombi-nant plasmid was initially transformed into E. coli(NEB 5-alpha) due to its high transformation effi-ciency. Transformation followed the NEB heat-shockprotocol: 2 µL of plasmid DNA was added to compe-tent cells, incubated on ice, heat-shocked at 42°C for30 seconds, then recovered in 950 µL of SOC mediumat 37°C for 1 hour with shaking (New England Biolabs(Transformation), 2012).Cells were plated on LB agar containing ampicillinand chloramphenicol and incubated overnight at 37°C.Ampicillin was used for final screening. Successfultransformants were confirmed through colony growthand visual screening.Protein Expression: Isopropyl β-D-1-thiogalactopyranoside (IPTG) was used to inducethe lac promoter to confirm successful assembly ofour plasmid. One plate was grown with no IPTG as

a control. For testing, before spreading cells, 40 µLof 100 mM IPTG was spread on the agar surface andallowed to dry for 30 minutes. Subsequently, 50 µLof the transformed E. coli culture was spread on theIPTG-containing plates.Induction of the lac promoter triggered the tran-scription and translation of tsPurple and ATF1. Suc-cessful expression was visually confirmed by the pur-ple coloration of colonies, indicative of tsPurple ex-pression.Additionally, two liquid cultures were tested: one asa control and one induced with 25 µL of 100mM IPTG,both incubated at 37°C for 2 days.Flavor Expression: For testing the production offruity esters in liquid culture, a 15 mL main culture of
E. coli was grown at 37°C for two days. The culturewas then aliquoted into eleven 1.5mLmicrocentrifugetubes, each containing 500 µL of culture. Two tubesweredesignated as controls, while the remaining tubeswere divided into three groups corresponding to threedifferent alcohol substrates (isoamyl alcohol, butyl al-cohol, and ethyl alcohol), as shown in Figure 2.Within each alcohol group, one tube was left unin-duced, while two tubeswere inducedwith IPTG. One ofthe two control tubes was also induced with IPTG. Alltubeswere incubated at room temperature in a biolog-ical safety hood for over 48 hours to allow expressionof the ATF1 gene.Following the expression, cultures were pelleted bycentrifugation at 13,000RPM for5minutes, and the su-pernatant was removed. Each pellet was resuspendedin 200 µL of nuclease-free water. Alcohol substrateswere then added directly to the resuspended cells: 2µL of isoamyl alcohol (88.15 g/mol), 2 µL of butyl al-cohol (74.12 g/mol), or 1 µL of ethyl alcohol, depend-ing on the experimental group. The sampleswere incu-bated at room temperature for four hours to facilitatethe enzymatic reaction between the alcohols and alco-hol acetyltransferase (AATase). This process resultedin the synthesis of isoamyl acetate, butyl acetate, andethyl acetate; the key esters responsible for fruity aro-mas.
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After olfactory testing by surveying participants tosee if they identified the scents, on the following day,a second round of alcohol was added to some tubes toobserve whether the fragrance could become stronger.Each alcohol group was used to assess the effect ofincreased substrate concentration. This resulted inthe following final conditions: one uninduced control,one IPTG-induced control, three tubes containing alco-hol only, three tubes containing IPTG and alcohol, andthree tubes containing IPTG with two sequential alco-hol additions.Protein Purification and SDS-PAGE Analysis: To as-sess protein expression levels under varying condi-tions, six liquid cultures of transformed E. coli wereprepared. To start, one culturewas grown for 16hours.Next, 50 µL of the starting culture was added to the 6LB medium tubes to mid-log phase (approximately 2hours). Then, two cultures were kept as controls (noIPTG), two were induced with 25 µL of 100 mM IPTG,and two with 50 µL of 100 mM IPTG. Each set wastested at 37°C and at room temperature.Cultures grown at 37°C were incubated overnightbefore pelletization and stored at 4°C, while thosegrown at room temperature were incubated for 24hours. To prepare the samples and perform the SDSpage, the standard protocol was followed. The sam-ples were prepared using Laemmli buffer (with DTTadded) and analyzed by SDS-PAGE to verify protein ex-pression and compare the induction conditions (TeamFudan, 2022).
Results

PCR amplification and vector preparationWe successfully performed PCR on all our plasmids us-ing NEB protocols and confirmed our results throughgel electrophoresis, as seen in Figure 6. Additionally, anano spectrophotometerwas used tomeasure concen-trations for the subsequent steps.
PCR cleanupTo address previous assembly issues, we purified ourDNA using a NEB spin kit. As shown in Figure 6 below,there are clear bands for each amplified section, indi-cating suitable parts for assembly.
Plasmid constructionFollowing the cleanup, we assembled the plasmid us-ing NEBuilder. Although it was not necessary to con-firm successful assembly before transformation, wechecked the products via gel electrophoresis.

Transformations (competent cells)We transformed our recombinant plasmid into DH5αcells using the heat shock method. A few purplecolonies appeared before IPTG, indicating proper as-sembly, but also showed leaky expression of the lacpromoter. Interestingly, the number of purple coloniesincreasedwhen the plate was grown at 4°C, suggesting4°C is the better fit for the optimal expression temper-ature of tsPurple.
Protein expressionAfter growing control cells on a clean plate and ona plate layered with IPTG, we initially saw no purplecolonies. However, we noticed the purple colonies af-ter placing the plates at 4°C overnight. Additionally, asshown in Figure 9, tsPurple was observed on the con-trol plates. Although the control plate has fewer purplecolonies than the IPTG plate, purple colonies shouldnot have been present in the control plates. This com-parison shows the leaky nature of the Lac promoter.
Flavor expression and sensory testingOn the first day of sensory testing, a survey was con-ducted with ten participants, and the liquid cultureinduction produced distinguishable results. Partici-pants were able to differentiate between control sam-ples, alcohol-only samples, and IPTG-induced samplesacross all alcohol conditions. Notably, a strong major-ity of participants (8 out of 10) reported that culturesinduced with ethanol produced the fruitiest aroma.On the second day, six additional participants weresurveyed (n = 16). While participants continued to dis-tinguish between samples, aroma preference shifted:butyl alcohol was preferred by 8 of 16 participants,ethyl alcohol by 6 of 16, and isoamyl alcohol by 2 of 16.Although subjective, these results indicate ATF1 ex-pression and ester production. The observed shift inaroma preference may reflect differences in the timerequired for each alcohol substrate to fully convert toits corresponding acetate ester.
Protein expression observationBasal expression (Figure 11A): Both uninduced (withIPTG) cultures exhibited visible purple pigmentationat room temperature, with color intensity increasingover time. This observation suggests significant basalexpression (“leakiness”) of the lac promoter, allowingfor protein production even in the absence of the in-ducer(Figure 11A).Aggregation and Temperature Sensitivity (Figure11B): Protein aggregation occurred when cultureswere incubated at 37°C over theweekend. This clump-ing likely indicates the overexpression of the recombi-nant protein (potentially AATase) or host strain (DH5α
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Figure 5. A.Genetic circuit transformed in E. coli. ITPG was used to express our genes, tsPurple chromoprotein, and
AATase. Isoamyl alcohol was later added to catalyze with AATase to produce isoamyl acetate, a molecule with a
banana scent and flavor. B.Proposed transformed system for the recombinant plasmid in Lactobacillus, utilizing
nisin to activate the PnisA promoter to start transcription. (Hasan Sowrav et al., 2024)

Figure 6. Gel electrophoresis results after PCR confirm-
ing successful amplification of plasmids. DNA band sizes
were compared to a 1 kb ladder as a reference.

cells) intolerance to the metabolic burden. Notably,when the cultures were subsequently moved to re-frigeration (4°C), the aggregated proteins appearedto resolubilize. This unusual reversibility suggests atemperature-dependent solubility characteristic of theexpressed proteins (Figure 11B).
11A-Starter cultures were left at room temperature

without IPTG for 2 and 3 weeks, respectively.

11B Cultures induced (right) and uninduced (left)
that were left over the weekend at 37 degrees.

Figure 7. Gel of products after assembly. Our recombi-
nant plasmid band (8.4 kb) in lane one was considerably
higher than the positive control plasmid from NEB (5.2
kb) and aligned with the correct ladder segment.

SDS-pageAlthough the successful assembly of our genes andplasmid was visually confirmed by tsPurple, the pro-moter’s leakiness demonstrated that expression speci-ficity was an issue, which could be detrimental to con-trol. To determine the severity of the leaky Lac pro-moter, samples were induced with varying IPTG con-centrations, and SDS-PAGE was used to objectively an-alyze expression.As shown in the figure below, the bands for tsPurple(slightly under 37 kDa) were most apparent at roomtemperature (RT); the samewas true for theAAtase en-zyme (ATF1, under 75 kDa), although there were also
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Figure 8. The first plate of our cells, and as seen on the
bottom right side, there were a few purple colonies indi-
cating the leaky nature of the lac promoter.

Figure 9. The right plate is the control for the exper-
iment, and the left is the one induced with IPTG. The
purple colonies represent cells that had successfully ex-
pressed tsPurple.

Figure 10. Percentage of participants preferring each
ester aroma on Day 1 (n = 10) and Day 2 (n = 16).

Figure 11. Protein expression observations

Figure 12. Labeled SDS-PAGE protein gel used to an-
alyze the expression of proteins under differing condi-
tions. The more apparent and thicker the band, the
higher the level of expression.

bands for the other samples. Additionally, the bandsfor each protein were darker as the IPTG concentra-tion increased. Taking theseobservations into account,we can conclude that the optimal expression temper-ature for the protein is approximately room temper-ature, and that although the lac promoter is leaky tosome degree, it yields lower protein expression thanregular IPTG induction.Ultimately, these results confirm that our recombi-nant plasmid was assembled correctly and expressedboth tsPurple and ATF1 in E. coli, validating our ideaand system before future testing in Lactobacillus.
DiscussionsThe designed construct and genetic system were con-firmed to be functional, performing as expected. Suc-cessful assembly and expression were evidenced bythe development of purple colonies and the detectionof characteristic fruity aromas. Throughout the experi-mental process, a biological safety cabinet was utilizedto ensure aseptic conditions and prevent contamina-tion.Several key insights emerged regarding the sys-
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tem’s performance. Notably, induction experimentsrevealed the “leaky” nature of the lac promoter, aspurple pigmentation was observed even in uninducedsamples. This suggests a lack of tight transcriptionalcontrol, whichmayhave implications for thePnisApro-moter intended for future Lactobacillus applications.Furthermore, protein expression appeared more ro-bust at room temperature, suggesting temperature-dependent activity for tsPurple and potentially ATF1.At 37°C, induced cultures exhibited visible clumping,likely a result of metabolic burden or high levels of re-combinant protein expression in the host cells.This study had certain limitations, primarily thattesting was restricted to E. coli due to time constraints,leaving the system’s performance in L. paracasei un-verified. Additionally, we were unable to quantita-tively confirm ester production using analytical meth-ods such as gas chromatography. While qualitativedata from participant surveys indicated fruity aromaproduction, these results do not constitute definitivechemical proof of ester synthesis.Overall, these findings demonstrate the potential ofthis recombinant system to produce detectable flavoresters. This work supports the future developmentof engineered probiotics capable of generating naturalflavors in situ during fermentation.
Next stepsAs a successful expression of our pathway was con-firmed in E.coli, our next task is to remove the antibi-otic resistance genes fromourplasmidbefore shuttlingit into L. paracasei. This will be done in accordancewith the rules of food-grade vectors, using PCR to re-move the harmful genes. After removal and testing forsafety with sequencing, we will be able to transformit into L. paracasei, which is the last step necessary toprepare for the fermentation of yogurt.We also found that L. paracasei is used in many fer-mented products such as kefir, cheese, and sour beer.Being a probiotic, it is included in these products to in-crease the health benefits. With that in mind, we alsoplan to work with these products to enhance benefitsand improve flavor profiles with many different fruityesters.Overall, enabling yogurt cultures to generate theirown natural flavors reduces reliance on external fruitadditives, minimizes agricultural waste, and supportssustainable, food-safe production. Our project alignswith the growing interest in naturally derived ingre-dients and sustainable food technologies. Moreover,the use of genetically modified probiotics can enhancenutritional contentwhile lowering the costs associatedwith flavoring and production (Maryville, 2022).

Figure 13. Demonstrates our future idea for the fermen-
tation process in yogurt; steps 1 through 4 occur before
the fermentationprocesswith the insertion of the starter
cultures.
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