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Combating coral reef acidification: Engineering an
environmentally responsive buffer system in
Pseudoalteromonas rubra
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Reviewed on 9 May 2026; Accepted on 22 June 2026; Published on 26 October 2026Anthropogenic greenhouse gas emissions are increasing atmospheric carbon dioxide concentrations, which inturn accelerate ocean acidification through the formation of carbonic acid in seawater. This process lowers sea-water pH and reduces carbonate ion availability, which impairs calcification and places growing stress on coralecosystems. Our proposal aims to bioengineer calcium carbonate-promoting bacteria using strains naturallyfound living symbiotically in coral tissues, tomitigate the effects of ocean acidification on coral reefs. By increas-ing calcium carbonate availability, our bioengineered bacterial systemwill create a localizedmicroenvironmentthat stabilizes pH and chemical conditions immediately surrounding the fragile coral tissue. The engineered
P. rubra will have several components, all working together to ultimately alleviate the impact of ocean acidi-fication on corals. The bacteria will use the CadC/pCadBA system to detect and increase the surrounding pH.They will also secrete enzymes Carbonic anhydrase and urease, encoded by the taCA and ureA/B/C gene, intothe coral mucus layer to create a buffer zone against the acidic ocean environment. Carbonic anhydrase con-verts CO2 into bicarbonate which can precipitate as calcium carbonate in the presence of carbon ions, resultingin the stabilization of pH and calcification. Urease catalyzes the production of ammonia which can neutralizethe proton byproducts, further reducing acidity. To prevent the spread of engineered bacteria beyond the coralecosystem, a regulatory kill switch will be implemented via the mazF and mazE genes. The toxin mazF andantitoxin mazE genes together form a toxin-antitoxin system, which functions as a growth inhibitor. Under ex-treme stress, the bacteria stop production of mazE antitoxin; mazE is broken down, allowing mazF to initiatebacterial self-destruction. mazF genes produce a destructive enzyme that cleaves the bacteria’s mRNA, whilemazE will produce a protective protein that will bind to the mazF toxin; this neutralizes the TA system so theeffects of mazF will facilitate bacterial growth. Additionally, the glmS gene encodes for enzyme glucosamine-6-phosphate, which is an enzyme critical for synthesis of peptidoglycan. Peptidoglycan is essential for bacterialcell wall formation; glmS gene facilitates bacterial growth. If effectiveness in mitigating the negative effects ofocean acidification on reefs is achieved, this approach could be used as an environmentally-responsive methodto enhance coral ecosystem resilience and promote survival.
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.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.Ocean acidification is a major and urgent ecolog-ical problem in which excess atmospheric car-bon dioxide, driven by human-induced carbon diox-ide emissions, dissolves in seawater and reacts to formcarbonic acid (H₂CO₃), which then dissociates intohydrogen ions (H⁺) and bicarbonate ions, increasing

ocean acidity (NOAA, 2025). Ocean acidification posesa significant threat to corals because the released hy-drogen ions not only lower pH, but also bind with car-bonate ions (CO₃²⁻), reducing their availability. Thesecarbonate ions are essential for corals to produce cal-cium carbonate (CaCO3), a primary component of coral
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skeletons. As a result, decreased carbonate availabil-ity due to ocean acidification leads to slower coralgrowth and more brittle skeletal structures (Doney etal., 2009). Acting as a crucial habitat, the weakeningof corals poses a threat to the complex microbiomeinhabiting its tissues and skeleton. Moreover, coralshave a mucus layer that consists primarily of waterand mucin glycoproteins, which have high carbohy-drate content, and is influenced by environmental con-ditions, such as fluctuating temperatures and nutrientavailability (Phartade Vilas Bhagwat et al., 2024). Themucus layer functions as protection in response to ex-posure of unfavorable environmental conditions, suchas ultraviolet (UV) radiation and desiccation, and willprevent the dispersal of microbes to mucin glycans,which controls the surrounding microbial communityto prevent infection of the coral (Wright et al., 2019).To address this crisis, the National Oceanic and At-mospheric Administration (NOAA) devised ways of in-tervention, one of which is physiological interventions,where scientists attempt to manipulate the internalmechanism of the coral or its symbiotic organisms infavor of the coral’s survival in ways such as providingprobiotics or nutrients to boost the coral’s natural im-mune system(Vardi et al., 2020). Our solutionpresentsa novel addition to the physiological intervention withthe goal of creating a biological buffer system that sta-bilizes the chemical conditions, namely pH, in a zonewithin the coral mucus layer that directly surroundsfragile coral tissue.Our design will employ a marine bacterium, Pseu-
doalteromonas rubra (P. rubra), that lives symbiot-ically within the mucus membrane of coral (Fiegel,2025). Evidence suggests P. rubra plays a significantrole in defending coral from Gram-positive pathogens(Shnit-Orland et al., 2012). Genetically engineeringa bacterium with symbiotic properties may increasethe likelihood of more seamless integration within thecoral microbiome. To reduce the adverse effects ofacidification on coral, we aim to design a geneticallyengineered P. rubra that consists of a sensor that de-tects environmental stress and a response system thatproduces molecules that promote calcium carbonateformation. We will achieve this by designing an engi-neered E. coli plasmid that will later be transformedinto the P. rubra chassis.
Systems levelTo address the global challenge of ocean acidification,this proposal aims to design a synthetic biological sys-tem that functions within the coral microenvironment.Instead of attempting to alter ocean chemistry on aglobal level, this system engineers a bacteria to cre-

ate a localized buffering zone within the coral mucuslayer. By stabilizing chemical conditions directly at thecorals’ surface, this approach aims to preserve calciumcarbonate formation and maintain reef integrity un-der acidic conditions. Though this proposal focuseson combatting ocean acidification as a whole, specifi-cally, it targets extreme conditions in which ocean wa-ter would become mildly acidic and drop to a pH be-low6.0. These situations can occur inmanyways, how-ever our proposal targets two in particular, which in-clude severe coastal eutrophication, and the release ofhigh concentrations of carbon dioxide and sulfur intothe ocean from shallow marine volcanoes (Sydney I.Louden et al., 2023). The system is composed of twomodules: a sensing module and a response module.The sensing module detects environmental signals as-sociated with ocean acidification, primarily increasedhydrogen ion concentration and decreased pH. In re-sponse to these signals, the response module is acti-vated to counteract acidification, causing pH bufferingand calcium carbonate formation. When ocean acid-ification occurs, increased atmospheric CO2 dissolvesinto seawater, leading to the formation of carbonic acidand a subsequent decrease in pH (NOAA, 2025). Thisenvironmental shift is detected by the engineered bac-teria through a pH-sensitive promoter system pCadBA,which is activated by CadC, a transcriptional activatorbound to the inner membrane with a disulfide bond.For example, when exposed tomildly acidic conditions(approximately pH 4.8-6.0) these disulfide bonds areunable to formwhich, coupledwith the encounterwithlysine from lysine permease, fully activates CadC. ThenCadC binds to Cad1 and Cad2 in the CadBA promoterresulting in the transcription of the CadBA gene, af-ter going through translation, the CadBA gene secretesproteins CadA (lysine decarboxylase) and CadB (ly-sine/cadaverine antiporter) which converts the abun-dant extracellular lysine to cadaverine, raising and reg-ulating pH (Haneburger et al., 2011). Upon activation,the bacteria also begin producing key enzymes, includ-ing carbonic anhydrase and urease. Carbonic anhy-drase catalyzes the conversion of CO2 into bicarbonate,increasing the availability of the precursors necessaryfor calcium carbonate formation. Simultaneously, ure-ase activity generates ammonia, which helps raise thelocal pH. These enzymes are directed to the extracel-lular environment via secretion signals, allowing themtodirectlymodify the chemical conditions surroundingthe coral.The specific selection of Carbonic anhydrase is sup-ported by two factors. For one, CA is found in plants,animals, and bacteria catalyzing the interconversion ofCO2 and bicarbonate at a rate about 107 times morerapidly than the uncatalyzed rate which makes it func-
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tion effectively on the vast expansion of the coral reef(Wang et al., 2017). Another factor is that CA is alreadybeing used by various marine species such as the Pa-cific Oyster Crassostrea gigas to respond to ocean acid-ification and participate in acid-base regulation, show-ing that CA can still effectively function in the salin-ity and temperature of sea water where our chassis, P.
rubra is going to be released. The specific selection ofa certain form of Urease is supported by the fact thatUrease can function and remain highly stable withinenvironments with high salinity. On the contrary, Ure-ase is often used in biochemical labs at high concentra-tion (6-8M) of salt to break hydrogen bonds and dena-ture proteins (Wang et al., 2017). Additionally, Ureasealso remains stablewithin awide rangeof pH (typicallypH 4.0 to 8.0) (Liu et al., 2020). This shows that Ureasewill serve as an effective component of our buffer as itcan effectively function in sea water.As a result, the local environment experiences in-creased bicarbonate concentration and elevated pH,promoting the precipitation of CaCO3 and restoringconditions required for coral skeletal growth. Thecoral mucus layer serves as a critical region be-tween the coral tissue and the surrounding seawa-ter, making it an ideal location for this engineeredsystem. This layer is naturally rich in nutrients andsupports diverse microbial communities, providing astable microenvironment for the engineered bacteriato colonize and function (Phartade Vilas Bhagwat etal., 2024). This localized specificity improves effi-ciency compared to large-scale environmental inter-ventions and minimizes unintended consequences tothe broadermarine ecosystem. In addition to bufferingpH, the selected chassis organism, P. rubra, has beenshown to support coral health by promoting larval set-tlement and providing protection against pathogens(Shnit-Orland et al., 2012). By enhancing the naturalmicrobial community rather than replacing it, this sys-tem integrates into existing biological processes, re-inforcing coral resilience under environmental stress.To ensure environmental safety, the system incorpo-rates multiple layers of biocontainment that restrictbacterial survival to the coralmucus environment. Thebacteria are engineered with a knockout of the glmSgene which produces N-acetyl glucosamine, a neces-sary amino sugar to the bacteria commonly found incoral mucus (Konopka, 2012) Thus, when bacterialeaves the coral mucus area, it will be unable to get N-acetyl glucosamine, and will die. This safeguard pre-vents uncontrolled spread and ensures that the systemremains ecologically contained.In addition to nutrient dependency, the systemalso includes a toxin-antitoxin regulatory mechanismbased on the mazF/mazE module. The toxin gene

mazF is constitutively expressed, while the antitoxinmazE is only expressed in response to environmentalconditions specific to the coral mucus layer. If the bac-teria leave the mucus environment, mazE expressionceases while mazF remains active, resulting in pro-grammed cell death (Fleurier & Matic, 2025)A third containment layer involves a UV-responsekill switch. Since bacteria outside the protective mu-cus layer are exposed to higher levels of ultraviolet ra-diation, UV-sensitive promoters can activate toxin ex-pression under these external environmental condi-tions. This mechanism provides an additional safe-guard against unintended environmental spread (Songet al., 2025)Together, these redundant containment strategiesminimize the likelihood of bacterial persistence out-side the intended niche and improve the ecologicalsafety of the system.
Device levelOur chassis organism, P. rubra, is a marine microor-ganism that naturally inhabits the coral’s mucus layer.Previous research indicates that this bacterium pos-sesses a mutualistic role by protecting corals from dis-ease. Specifically, evidence suggests P. rubra plays asignificant role in defending coral from Gram-positivepathogens (Shnit-Orland et al., 2012). This proposalhypothesizes that engineering a bacterium with sym-biotic properties increases the likelihood of a seamlessintegration within the coral microbiomewithout caus-ing ecological imbalances.Our design contains four modules: an environ-mental sensing module (CadC/pCadBA system); abiochemical-response module (dual buffering path-ways); a secretion module (pelB exporting sys-tem); and a biocontainment control module (glmS-dependent design).
Environmental sensing module:
CadC/pCadBAOur design aims to integrate a sensor device(CadC/pCadBA system) that detects low environ-mental pH by gauging high H+ concentration. Itsrole is to convert chemical stress signals from ele-vated proton levels into a gene-expression response.This sensing system is based on the Escherichia coliCadC/pCadBA acid-stress regulatory system, whichwill be adapted to create a pH-sensitive transcrip-tional switch in the bacteria (see Figure 2). CadC is amembrane-integrated transcriptional activator thatdetects extracellular proton concentration changes.The CadC/pCadBA system functions as a threshold
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Figure 1. Modular design of an engineered P. rubra for localized pH buffering and calcium carbonate formation in
the coral mucus microenvironment.

biological switch. Under relatively neutral water con-ditions (pH ~8.1-8.2), CadC remains inactive. Whenenvironmental acidification increases extracellular H+concentration, CadC changes conformation and acti-vates a pH-responsive promoter, pCadBA (Haneburgeret al., 2011). Subsequently, a downstream expressionof genes is triggered.
Biochemical response moduleUnder low extracellular pH and in the presence of ly-sine, the pH-sensing domain of CadC is activated. Thisallows CadC to dimerize and bind to the pH-responsivepromoter pCadBA, turning on downstream gene ex-pression. In our proposed system, the CadC/pCadBAmodule functions as a pH-responsive switch to con-trol engineering genes. The native cadA and cadBgenes are shown only for biological context and arenot used in our design. (Schlundt et al., 2017). OncetheCadC/pCadBAsystem is activatedunder acidic con-ditions, two complementary enzymatic pathways (acarbonic anhydrase pathway and a ureolytic pathway)

Figure 2. Schematic of the pH-responsive CadC/pCadBA
regulatory module. Under conditions of low extracel-
lular pH and lysine availability, the periplasmic pH-
sensing domain of CadC is activated. In this image, the
CadC/pCadBA module is used as a pH-responsive switch
to control engineered genes. The native cadA and cadB
functions are shown only for context and are not used
(Schlundt et al., 2017).
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are activated to chemically buffer the internal environ-ment of the coralmicrobiomeand restore chemical bal-ance (see Figure 3).Following cadC/pCadBA activation, the carbonic an-hydrase pathway will trigger the expression of largequantities of carbonic anhydrase (CA), which acceler-ates the reverse hydration of carbon dioxide: CO₂ +H₂O ⇌ H₂CO₃ ⇌ HCO₃⁻ + H⁺. While this reverse re-action does not completely remove protons from thecellular environment, it enhances local bicarbonate(HCO₃⁻) availability. This reaction provides essentialsubstrates for calcium carbonate (CaCO₃) biomineral-ization: Ca²⁺ + HCO₃⁻ → CaCO₃ ↓ + H⁺. Thus, this path-way primarily accelerates the generation of calciumcarbonate (CaCO₃), which is the most needed elementfor coral skeleton building (Hwang et al., 2021).It also needs to be considered that cadC/pCadBAactivated carbonic anhydrase activity is impacted bythe Zinc availability of the environment. As in E.coli,Zinc acts as the essential catalytic cofactor that bindsto the CA’s active site, required for the function ofthe enzyme(Cronk et al., 2001). However, the oceanhas many other metallic ions dissolved within, in-cluding Mg2+, Ca2+, trace Cu2+, Ni2+, Co2+, Cd2+,Mn2+, Fe2+/ Fe3+ (Cheng & Gross, 2005). However,not all these elements compete effectively with eachother nor with Zinc. Mg2+ and Ca2+ don’t substituteZinc effectively as either their bond with the CA ac-tive site is too weak or wrong geometrically (Ohta &Hartwig, 1995; Strecker et al., 1987). Cu2+, Ni2+ andCd2+are more realistic competitors for Zinc. Specifi-cally, Ni-substituted CA can often become catalyticallyimpaired, Cu-substituted CA can be strongly inhibited.(Yano et al., 2006; Kekki & Nikkilä,  1975; Lazar et al.,1970; Rossetti et al., 1984). In addition, Cadmiumbonding with CA is rare because CA is evolved to pref-erentially bind to Zinc which has the optimal size, co-ordination geometry and catalytic properties for rapidCarbon dioxide hydration. Therefore, though it is truethat there are caseswhere CAbindswith Cd2+ and thatresults in CA becoming much less efficient, CA bindingto Cd2+ only happens in some marine diatoms whereZinc is extremely scarce in sea water (Xue et al., 2008;Smith & Bryant, 1975). However, metal ions that ei-ther partially or totally impair CA activity are all traceelements, meaning they are dissolved in the ocean inrelatively small amounts. Specifically, while Zinc hasa molar concentration of 2.1 × 10-7 M, Cobalt has aconcentration of 1.7 × 10-9 M, Nickel has 8.5 × 10-9 Mand Cadmium has 5× 10-10- 1× 10-9 M (University ofWashington, n.d.; Bruland & Lohan, 2003). Therefore,there is vastly a higher chance for the CA of our chassisto bond with Zinc and function rather than being im-paired upon bonding with other competitively inhibit-

ing metallic ions.The ureolytic system (ureA/ureB/ureC) catalyzesthe hydrolysis of urea (CH₄N₂O), producing ammo-nia (NH₃) and carbon dioxide (CO₂). Because CaCO3precipitation releases H+, this NH3 production is nec-essary to offset the potential increase in local acid-ity. Therefore, for the ureolytic system to have anet positive effect on local pH, NH3 generation shouldbe greater than or equal to twice of the CaCO3 pre-cipitation rate. The resulting ammonia can furtherreact with protons (H⁺) and water to form ammo-nium (NH₄⁺) and hydroxide ions (OH⁻). In this way,this pathway provides a direct protonconsuming andhydroxide-generating alkalinization mechanism, re-ducing the local hydrogen ion (H⁺) concentration.These chemical reactions consequently increase pH,helping to restore the coral’s microenvironment to-ward more favorable conditions as a partial mitigationstrategy for acidification (Haneburger et al., 2011).Carbonic anhydrase accelerates the reverse hydra-tion of carbon dioxide using a zinc-bound hydroxyl iongenerated by ionisation of the Zn²⁺-OH2 as the nucle-ophile. A common metal ion that exists in the coralmucus layer as a micropollutant is copper (Cu²⁺). Cop-per can act as a competitive inhibitor of carbonic anhy-drase, inhibiting the reverse hydration of carbon diox-ide. Increasing the concentration of CA contained inthe coral mucus layer can greatly increase the rate ofhydration even with the inhibition, without having toincorporate another enzyme that may alter the func-tion of the buffer system (Johnsen et al., 2023).Together, the carbonic anhydrase and urease path-way formulate an integrated buffering strategy that fa-cilitates chemical stabilization and biological supportwithin the coralmicroenvironment; the carbonic anhy-drase pathway supports coral skeleton rebuilding andgrowth, while the urease pathway provides rapid pHbuffering, which is important because it creates a safeenvironment for corals where the pH value is habit-able.
Secreting module: pelB exporting systemTo direct enzyme buffering activities outside of the cy-toplasm of the engineered P. rubra, we aim to design asecretion device with the specific function of enzymeexport. This step is crucial for successful bufferingof the acidic conditions contributing to coral skeletonweakening, as buffering must occur outside of the cellof the engineered chassis where acidity is present. Thesecretion device, consisting of a signal peptide com-ponent (pelB) exports enzymes to the coral tissue andsurrounding mucus chemical environment (see Figure4). The N-terminal pelB signal peptide is fused to eachenzyme coding sequence. pelB directs nascent pro-
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Figure 3. CadC/pCadBA-mediated dual buffering strategy in the coral microbiome under acidic stress.

teins to Sec translocon, enabling translocation acrossthe inner membrane into the periplasm and subse-quent extracellular localization. This ensures that en-zymatic activities occur directly within the coral mu-cus microbiome rather than intracellularly, where itwould be functionally irrelevant to seawater pH regu-lation (Kim & Kendall, 2000; Su et al., 2015).
Biocontainment moduleFinally, a biocontainment device will remove P. rubra’sability to synthesize N-acetylglucosamine (GlcNAc),which is required for bacterial wall synthesis. TheglmS gene encodes the glucosamine-6-phosphate syn-thase, an essential enzyme for the biosynthesis of UDP-N-acetylglucosamine (UDP-GlcNAc), a key precursorfor peptidoglycan cell wall formation (see Figure 5).In the gene strain, glmS is knocked out, so the sur-vival of P. rubra depends on external availability of Glc-NAc. The coral mucus layer contains glycoprotein-richmucins that provide sufficient GlcNAc derivatives, en-abling survival in the target niche. In contrast, the openocean environment lacks sufficient GlcNAc concentra-tions, resulting in loss of availability outside the coral-associated habitat. This deficiency prevents propersynthesis of N-acetylglucosamine-containing peptido-glycan precursors, impairing cross-linking of the bac-terial cell wall. Consequently, the structural integrity

Figure 4. PelB‑fused enzymes are exported via the
SecA‑dependent post‑translational pathway (left), in-
volving SecB chaperoning and translocation through the
SecYEG complex (Oswald et al., 2021).
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of the peptidoglycan layer is compromised, ultimatelyleading to bacterial cell lysis. This system projects pas-sive containment, ensuring that the engineered bac-terium survives only in the coral mucus layer; it woulddie naturally if it leaked into open marine environ-ments where GlcNAc is scarce (Konopka, 2012).
Parts level
pH sensorThe pCadBA promoter is a pH-sensitive ‘switch’ ac-tivated by the membrane-bound transcription factorCadC,which helpsE. coli combat acidic stress. CadC is atranscriptional activator bound to the innermembranewith a disulfide bond which consists of a periplas-mic domain that senses a decrease in pH and a cy-toplasmic DNA-binding domain. When CadC gets ex-posed to a pHbelow6.0, it undergoes a conformationalchange where its disulfide bonds are unable to formand coupledwith the encounterwith lysine from lysinepermease, fully activates CadC (Tetsch et al., 2011).Then CadC binds to Cad1 and Cad2 in the CadBA pro-moter resulting in the transcription of the CadBA gene,and after going through translation, the pCadBA genesecretes proteins CadA and CadB. The enzyme CadAutilises protons and lysine to create cadaverine, andthe antiporter CadB facilitates the intake of lysine inexchange for the export of cadaverine. This providesa constant supply of lysine for CadA and removes ca-daverine, preventing intracellular toxicity. This mech-anism acts as a pH-dependent switch to restore home-ostasis and neutralize acidic pH (Haneburger et al.,2011).
Carbonic anhydrase pathwayThe ureolytic pathway, which is mentioned below, cancontribute to high excess levels of ammonia which canbe toxic to the coral surface. The gene that encodesfor carbonic anhydrase, the taCa gene, is controlledby the T7lac promoter, meaning that another moleculethat prevents the repressor from binding to the T7lacpromoter is necessary for taCa to be transcribed andto create carbonic anhydrase (“T7 Promoter System”).Carbonic anhydrase allows the cell to turn CO2 andwa-ter into HCO3- and H+ (acid). It uses a zinc ion (Zn2+),which activates a water molecule to form a hydroxideion. This ion then has a nucleophilic attack on CO2which creates bicarbonate (HCO3-). Additionally, al-though hydroxide production is accompanied by pro-ton (H+) generation, these protons are rapidly neutral-ized by ammonia from the ureolytic process, reducingthe acidity while simultaneously converting ammoniainto its less toxic ammonium form (Kim et al., 2021).

Ureolytic pathway
ureA, ureB, and ureC are the urease genes, with ac-cessory genes ureD, ureE, ureF, and ureG, which areresponsible for the ureolytic part of the process thatbreaks down urea into carbon dioxide and ammonia.
ureC codes for the active site, which holds 2 nickelions (Ni2+), and has protein ‘flaps’ that allow in ureabefore closing to isolate the reaction area. The ureAgene creates the protein UreA,which holds the enzymetogether, while ureB creates the protein UreB, whichforms the docking sites for UreD, UreF, and UreG to at-tach to the enzyme and deliver the 2 nickel ions sup-plied by UreE (Konieczna et al., 2012).
pelB sequenceThe pelB leader sequence acts as a signal peptide thatdirects the synthesized proteins (such as carbonic an-hydrase) to the periplasmic space. By localizing theseenzymes near the outer membrane, the bicarbonateproduced can more efficiently exit the cell and reactwith environmental calcium to form calcium carbon-ate that precipitates on the coral surface, which allowscorals to reinforce their skeletons (Lei et al., 1987).
Kill switchThere is a kill switch to ensure that this bacteria doesnot escape the coral and cause damage outside its in-tended environment. By getting rid of its ability tomake N-acetyl glucosamine (GlcNAc) by knocking outthe glmS gene, we ensure that the engineered P. rubracannot leave the N-acetyl glucosamine-rich coral mu-cus by making it an auxotroph dependant on its in-tended environment, the coral. Without this sugar, thebacteria can’t build a cell wall which leads to its lysisand ultimate cell death (Lee et al., 2016).In addition to nutrient dependency, the system in-corporates a toxin-antitoxin regulatory module basedon themazF/mazE system. The toxin genemazF is con-stitutively expressed, while the antitoxin gene mazE isexpressed only under conditions specific to the coralmucus layer. If bacteria leave the mucus layer environ-ment, mazE expression stops while mazF continues tobe expressed, resulting in programmed cell death. Thissystem provides an additional layer of security for en-vironmental containment that is dependent on nutri-ent availability.A third containment layer involves a UV-responsivekill switch. Outside the layers of the mucus layer, thebacteria are exposed to heightened levels of UV radia-tion. Employing UV-sensitive promoters can be used toactivate toxin expression under external environmen-tal conditions.Together, these containment mechanisms are de-signed to reduce the likelihood of bacterial survival be-
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Figure 5. GlcNAc auxotrophy‑based biocontainment strategy. Knockout of glmS disrupts UDP‑GlcNAc biosynthesis
required for peptidoglycan formation, restricting survival of engineered P. rubra to GlcNAc‑rich coral mucus envi-
ronments (Konopka, 2012).

yond its extended niche.
Operon structureThe operon structure will include an inducible pro-moter and structural operon. The structural operonis controlled by a single inducible promoter, pCadBA,which allows for the transcription of the structuraloperon once CadC attaches to it. The predicted ben-efit of implementing an inducible structural operon isto control the expression of carbonic anhydrase andurease genes, such that expression occurs only whenenvironmental pH drops below a threshold sufficientto activate CadC. As environmental pH returns towardhomeostasis, CadC activity decreases and pCadBA-driven transcription is passively downregulated, pre-venting excess alkalinization of the surrounding mi-croenvironment (Tetsch et al., 2011).
SafetyWhile this study focuses on aiding corals in their pro-duction of calcium carbonate, through the chassis or-ganism P. rubra, safety remains a central considerationthroughout the future design and testing phases.Thus, there are a few environmental risks that mustbe considered. Firstly, the genetic material of the engi-neered bacteria could potentially spread to other nat-urally occurring bacteria in an environment throughhorizontal gene transfer, which could unintentionallydisrupt natural ecological systems. To reduce this risk,the plasmid could be designed without an oriT, or ori-gin of transfer, a plasmid sequence which is requiredto initiate DNA transfer between bacteria (Zrimec &

Lapanje, 2018). As a safety measure already incorpo-rated, the plasmid uses a non-mobilizable backbone.Additional containment features can be added oncereal-time data from microcosm trials reveal the truerates of gene transfer when in the environment of acoral reef. Another way to reduce this risk is usinga narrow-host-range oriT, which could potentially re-strict replication of plasmids if it were transferred be-tween bacteria. Another potential environmental riskis the disruption of natural ecosystems, since the coralmucus layer hasmanydifferentmicrobial communitiesthat are important for coral immunity, and disease re-sistance. Potentially, this plasmid could outcompetenative bacteria and inadvertently weaken natural de-fenses of the coral. It can also have adverse effects onthe non-coral organisms, if the plasmid were to spreadpast the coral environment. One way this can be man-aged is through feedback inhibition, where an excessof the product inhibits further production.Oneway to contain the engineeredbacteria so it onlystays within the coral mucus layer, is to knockout glmSencodes, an enzyme that is responsible for synthesiz-ing UDP-N-acetylglucosamine (fructose-6-phosphateand glutamine) into N-acetylglucosamine (Kim et al.,2013). By getting rid of the glmS gene in the bac-teria, they depend on the coral mucus layer for N-acetylglucosamine (GlcNAc) and will not be able tofunction away from it, for example if they were in an-other environment. By getting rid of glmS in the bac-teria, they depend on the coral mucus layer for glu-cosamine and will not be able to function away fromit, for example if they were in another environment.This essentially operates as a kill switch if the bacteria
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leaves the coral mucus layer. To further monitor con-tainment, fluorescent markers should also be incorpo-rated into the bacteria to trace the movement and per-sistence of the bacteria in the coral biome.In addition to this, there are biological risks thatmust be considered. In this study, there is a risk ofthe overproduction of ammonia, which is a product ofthe urease pathway. The urease pathway hydrolyzesurea into ammonia. Even though it is used to bufferacidification, excess ammonia is toxic tomarine organ-isms and life. If the urease activity is unregulated, bac-terial density is too high, or any other malfunction inthe bacteria occurs, ammonia levels could skyrocket,harming coral tissue and life around the coral. To pre-vent this, urease expression could be tightly coupled toa promoter system (pCadBA ph-Sensitive), that way itis only active when the pH drops (Pflock et al., 2005).Beyond the plasmid itself, some broader concernsexist around the introduction of an engineered bac-teria into the coral microbiome. Through a processknown asmicrobiome shifting, beneficial microbes aremeant to shift the coral microbiome, to bring it to ahealthier statewhenunder stress fromhighwater tem-peratures. However, engineered strains may competewith native microbes for resources, potentially dis-rupting the coral’s natural adaptive capacity to climatechange. Ethically, some critics believe that deliberatelyaltering a marine ecosystem already under stress maybe unhelpful and the long-term consequences of intro-ducing foreign bacteria have not been thoroughly stud-ied (Zhang et al., 2022).Nevertheless, as our research continues, furtherstudies will be required to ensure the engineered bac-teria does not leave the coral mucus layer, nor does itnegatively affect the coral itself, and that it is suitablefor use in the ocean ecosystem.
DiscussionsOcean acidification is a serious ecological threatcaused by excess human‑emitted CO₂ dissolving inseawater, forming carbonic acid that releases hydro-gen ions and lowers ocean pH (Mollica et al., 2018).This proposal aims to address the adverse effects ofocean acidification on the structural stability of coralskeletons by locally reducing acidity in the coral mu-cus layer. We will engineer P. rubra with an inte-grated four-module genetic system consisting of: anenvironmental sensing module (CadC/pCadBA sys-tem); a biochemical-response module (dual bufferingpathways); a secretion module (pelB exporting sys-tem); and a biocontainment control module (glmS-dependent design).The successful implementation of this strategy will

provide a sustainable and feasible method to enhancecoral’s resilience against ocean acidification. Unlikeother solutions that are experiencing limits in keep-ing pacewith the rate of global reef collapse (Erickson-Davis, 2025), our strategy is executed by a living chas-sis which provides a more effective way to combat thedegradation of corals which are a keystone species inthese communities and an environment that fosters aplethora of marine biodiversity.While this study outlines an approach to improvecoral resilience and mitigate pH stress in the coral mi-croenvironment while maintaining ecological safety,several limitations must be acknowledged.The scope of this study is ambitious and attemptsto incorporate several genetic modules that have beenstudied independently. Consequently, the four sys-tems integrated in our chassis organism may behavedifferently under varying environmental factors, suchas temperature fluctuations, UV radiation, changes insalinity, and chemical shifts in ocean water conditions.Uneven performance across individual modules mayweaken the sequential design of the four-module ge-netic system, as untested environmental variablesmaydelay or disable intended design functions. Elevatedtemperatures, especially those exceeding typical reefconditions, can stress bacterial cells, disrupt proteinfolding, and reduce the efficiency of key enzymes in-volved in the buffering and calcium carbonate pro-duction pathways (van Woesik et al., 2021). Simi-larly, increased UV exposure can damage DNA and cel-lular structures, potentially impairing the function ofthe engineered genetic modules (Kciuk et al., 2020).Fluctuations in salinity can also affect osmotic balancewithin the bacterial cells, leading to reduced viabil-ity or metabolic activity (Gregory & Boyd, 2021). To-gether, these stressors may decrease the survival, con-sistency, and overall effectiveness of the engineered P.
rubra within the coral mucus layer. Addressing theseenvironmental challenges is essential to ensure thatthe system remains functional and reliable under thedynamic conditions of natural reef ecosystems.The last step of the urease pathway involves the for-mation of carbon dioxide and ammonia. In the absenceof similar levels of carbonic anhydrase to neutralize thetoxicity of ammonia created by the urease pathway, in-creasing levels of ammonia may cause concern withinthe intracellular space of P. rubra. If excess ammonia isable to build up it could create the conditions to sparkan algal bloom in the coral reef (Karcher et al., 2020).Because our genetic system relies on the inducibleexpression of complex enzymatic pathways, its opera-tion may pose a significant metabolic cost. This poten-tial energetic trade-off highlights the need for poten-tial optimization of expression levels and regulatory
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thresholds (Snoeck et al., 2024).
Next stepsIf the experimental data supports the study’shypothesis—that a combined approach via thebioengineering of P. rubra chassis with a sensor,response, secretion and biocontainment device is aneffective solution to combating the negative effectsof ocean acidification on coral skeleton strength—anovel synthetic biology approach to enhancing marineecosystem resilience could be explored.
Individual validation of genetic modulesWe will first validate the functionality of the environ-mental sensing module (CadC/pCadBA system) to en-sure that it can reliably detect acidified conditions. ThepCadBA promoter will be cloned upstream of the re-porter gene and expressed in E. coli to evaluate pHresponsiveness. Engineered strains will be culturedunder two conditions: acidic (pH 5.0-5.8) and near-neutral (pH 7.4-7.6) both in the presence of lysine.High lysine levels allow the change in shape of the LysPprotein which in neutral pH, would bind to the CadCand inhibit its activation. In this case, the high pHmediumwill be the control factor as the CadC regulatorwill only be activated in low pH levels. The two engi-neered strains will be left to grow. Analyzing the re-sults, the medium with the low pH should show moreenzymatic activity than in the high pHmedium. Exam-ining the pH response test of the pCadBA promoter, asacidity of the oceans increases, the CadC will activatethe pCadBA promoter and the CadBA operon.To validate the effectiveness of the integrated buffer-ing module, we will assess the activity of urease andCarbonic anhydrase under different conditions of pH.Urease activity will be evaluated through pH-sensitivestrips that detect ammonia production, where a colorchange from yellow to red indicates increased pH dueto hydrolysis. Carbonic anhydrase activity will bemea-sured using CO2 sensitive indicators, with a shift fromblue to yellow reflecting changes in acidity. Followingknown assay protocols, we will use the pH indicatorstrips to validate each enzyme function reliably underrelevant conditions (Medina Ferrer et al., 2020). Fol-lowing this confirmation, the reporter gene will be re-placed with functional enzymes from the biochemicalresponse module, including Carbonic anhydrase andurease, to evaluate whether pH-dependent activationleads to measurable changes in local chemical condi-tions such as pH and carbonate availability. Once boththe sensing and response modules are validated, theywill be integrated into a single system to enable coor-dinated detection and buffering of acidified environ-ments.

To validate the secretion module (pelB), we will testthe secretion system of the pelB in E. coli, using a re-porter gene to ensure that it will be able to export thetaCa for effective pH increasing of the coral’s mucus,creating a buffer system. In this case, we will mea-sure the amount of cutinase in a culturemediumwith astrain of E. coli. with a defective type II secretion path-way. Type II secretion pathways guide the secretion ofthe cutinase, a fusion protein, so with this pathway be-ing defective we can test the level of efficiency for pelB(Su et al., 2015).To validate the biocontainment control module, the
E. coli will be engineered with a knockout of the glmSgene which produces N-acetyl glucosamine, a neces-sary sugar to the bacteria commonly found in coralmu-cus. When it leaves the coral mucus area, the bacte-ria will be unable to get the N-acetyl glucosamine, andwill die. This safeguard prevents uncontrolled spreadand ensures that the system remains localized and eco-logically contained. To gauge effectiveness of our bio-containment control module, we will test the survivalof P. rubra under the absence of the glmS gene to en-sure that the bacteria will not be able to thrive underthe conditions outside the localized coral mucus layer,preventing any excess spread. Wewill prepare two cul-tures, both with the presence of the E. coli bacteria,one with the glmS gene which produces N-acetyl glu-cosamine and the other with the knockout of the glmSgene. N-acetyl glucosamine is a sugar that is a nec-essary nutrient for the bacteria’s survival, indicatingthat if the culture with the knockout of the glmS showsno population of the bacteria, our design that containsbacteria within the coral mucus layer will be validated.Our next step would be to test the bacteria without theglmS gene in a controlled simulation of the coral envi-ronment.
OptimizationFollowing initial validation of the individual and com-bined systems, we will focus on refining regulatorycontrol and functional output. Because the pCadBApromoter is regulated by the CadC transcriptional sys-tem, promoter strength andbasal expression levels canbe tuned bymodifying accessibility to the pCadBA pro-moter through gene expression techniques. As a result,we will aim to more precisely control gene expressionin response to acidic conditions.Parallel optimization of the buffering systemwill re-quire adjusting bacterial density to determine themin-imum effective bacterial population needed to achievesuccessful stabilization and increase of pHwithout dis-rupting the native coral microbiome.
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TransformationFollowing successful validation of the system in E. coli,we will assess whether the engineered plasmid canbe introduced in P. rubra and support stable gene ex-pression. This process would involve temporarily in-creasing permeability of the bacterial cell membranefor transformation, and involves chemical treatmentto reduce electrostatic repulsion between negativelycharged DNA and the bacterial cell surface. To en-sure enhancedmembrane permeability and the uptakeof the plasmid, the bacteria cells will be incubated inCaCl2, and 10 picograms-100 nanograms of plasmidDNAwill be added to the competent cells. Aftermixing,the DNA cell competent mixture will be heat shockedbyplacing it inwater at a temperature of 42°C for about45 seconds, then placing it in ice for 2 minutes. Afterthe heatshock, we will allow the bacterial cells to growovernight. The P. rubra will pick up the plasmid orig-inated from the E. coli, and grow in its population, al-lowing transformation of the E. coli plasmid to the P.
rubra

Microbiome analysisTo further validate our design, we can test the systemin a simulated coral mucus environment, incorporat-ing the engineered P. rubra into a living coral that isisolated and held in a stable laboratory environment.By testing the coral and P. rubra system in isolated lab-oratory conditions, we aim to troubleshoot safety con-cerns and limit the unwanted, adverse effects on othermarine organisms within the same ecological niche.The laboratory conditions found to bemost effective inreducing coral acidification and protecting coral fromskeletal breakdown from individual testing will likelybe used for experimentation with more complex lab-oratory conditions, such as multiple corals living ina simulated marine ecosystem. Factors such as idealtemperature conditions, nutrient availability, strain ofcoral, location (latitude and longitude), and densityand number of P. rubrawill all be factors simulated andconsidered in laboratory analysis.Only once the engineered system has been rigor-ously tested in a controlled setting—with all relevantsafety and ecological parameters that will be deter-mined by coral type, ocean conditions, location, micro-biome, and guidelines of local water safety laws—will
P. rubra be incorporated within a more complex eco-logical environment with other organisms and corals.By doing so, wewill be able to ensure that the designwill be functional for the localized microenvironmentwhich could be used as a solution to the coral survivalin seas with rising acidity levels without hindering thedelicate coral microbiome.
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