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DESIGN BRIEF

Overexpressing pgm and galU to boost Escherichia coli
bacterial cellulose production
Claire Jeong, Hanwon Kim, Carrie Wang, and Sophie Xu■ Concordia International School Shanghai, Shang-hai, China
Reviewed on 9 May 2026; Accepted on 22 June 2026; Published on 26 October 2026Bacterial cellulose (BC) is a high-performance, sustainable biomaterial whose exceptional purity, crystallinity,and water retention make it attractive for biomedical devices and flexible electronics. Native producers suchas Komagataeibacter spp. are limited by slow growth, genetic instability, and poor scalability, restricting large-scale BC manufacture. E. coli offers a well-characterized, rapid growth chassis, yet recombinant BC yields areconstrained by insufficient intracellular UDP-glucose, the direct precursor for cellulose synthase. Our designaddresses this bottleneck by co-expressing native E. coli phosphoglucomutase and UDP-glucose pyrophospho-rylase, enzymes that together convert glucose-6-phosphate to UDP-glucose, thereby raising the intracellularpool of the essential substrate and enabling higher cellulose synthase activity. To characterize this two-plasmidsystem, we systematically vary inducer concentration and incubation temperature, assaying growth and fluo-rescence to identify conditions that maximize UDP-glucose production while maintaining cell viability. Theseoptimized parameters establish ametabolic foundation for scalable, recombinant BC production in E. coli. [pos-sible missing text – see comment] operon, paving the way toward scalable, recombinant BC production in E. coliand broader industrial adoption of this sustainable biomaterial.
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tivecommons.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.Cellulose, a structural polysaccharide found inplant cell walls and produced by certain bacteria,is one of Earth’smost commonorganicmaterials. Com-pared to plant-based cellulose, bacterial cellulose (BC)distinguishes itself by its exceptional physicochemicaland biological properties: it is highly pure (lackinglignin and hemicellulose) with a crystallinity of up to90% (Ul-Islam et al., 2019; Popa et al., 2022). Its struc-ture comprises bundles of 2-4 nm cellulose nanofibrilsthat confer high porosity, water retention, elasticity,and stability under humid conditions. These proper-ties, combined with biocompatibility and non-toxicity,make BC valuable for biomedical applications, includ-ing wound dressings, bone repair, drug delivery, andtissue engineering (Abeer et al., 2014; Tronser et al.,2018; Pang et al., 2020), as well as sustainable pack-aging and flexible electronics (Trigona et al., 2019; Sidet al., 2021). Despite this potential, industrial-scale BCproduction is constrained by the slow growth, geneticinstability, and low productivity of native producerslike Komagataeibacter xylinus (Buldum et al., 2018).Consequently, there is a critical need to engineer ro-bust, high-yield production systems in more tractable

chassis organisms.BCbiosynthesis in host producers relies on the catal-ysis of UDP-glucose (UDP-Glc) by the bcsABCD operon(Singhania et al., 2021). In K. xylinus, glucose isphosphorylated to glucose-6-phosphate, converted toglucose-1-phosphate (G1P), and finally reacted withUTP—a precursor of UDP-Glc—by UDP-glucose py-rophosphorylase (UGPase) to form UDP-Glc. This pro-cess is demonstrated in Figure 1. While the bcs operonis essential for polymerization, the intracellular avail-ability of UDP-Glc is hypothesized to be a rate-limitingfactor. Metabolic modeling of K. xylinus by Zhang etal. (2017) identified that overexpression of galU (en-coding UGPase), pgm, and Glucose 6-phosphate iso-merase (G6PIS), an enzyme that catalyzes the conver-sion of glucose-6-phosphate to fructose-6-phosphate,yields the highest predicted BC flux. However, empir-ical validation of this hypothesis in a non-native host,such as K. xylinus, remains limited.Previous efforts to produce BC inE. coli have demon-strated feasibility but face significant obstacles. Earlyattempts that expressed only bcsAB failed to achieveproper crystallization. While subsequent studies using
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the full bcsABCD operon plus accessory genes achievedyields comparable to Komagataeibacter, they encoun-tered toxicity and plasmid instability issues (Buldumet al., 2018), and although strains engineered fortoxic protein expression, such as E. coli C41(DE3),have shown promise, systematic optimization of themetabolic precursors driving synthesis is still lacking.Most research has focused on optimizing growth con-ditions or the synthase complex itself, rather than ex-plicitly testing the impact of precursor concentrationon yield.To address this gap, our project investigates the im-pact of overexpressing pgm and galU on bacterial cel-lulose (BC) production in E. coli C41(DE3). We hy-pothesize that elevating intracellular UDP-Glc concen-trationswill bypassmetabolic bottlenecks and directlyenhance the yield of BC mass. Since galU encodes theenzyme that generates the direct substrate for cellu-lose polymerization, and pgm supplies its necessaryprecursor, glucose-1-phosphate, their combined over-expression aims to maximize substrate availability forthe cellulose synthase complex. Our experimental de-sign focuses on characterizing inducer concentrationsand various temperatures in order tomaximize BC cel-lulose by implementing a two-plasmid system in E. colito coexpress cellulose synthase and the pgm/galU de-vice.
Systems levelOur system examines the effect of pgm and galU onbacterial cellulose yield in E. coli with a two-plasmidsystem. The first plasmid includes genes pgm and
galU; pgm codes for phosphoglucomutase, the en-zyme responsible for converting glucose-6-phosphateinto glucose-1-phosphate, and galU codes for UDP-glucose pyrophosphorylase, the enzyme that catalyzesthe conversion of glucose-1-phosphate and UTP (Uri-dine triphosphate) into UDP-Glc. The second plasmidcontains bcsABCD, an operon isolated from K. xylinusthat synthesizes and excretes cellulose from UDP glu-cose. The introduction of upstream genes pgm and
galU aims to maximize yield by enhancing substrateavailability. This design considers that recombinantBC synthesis has the highest yield under low inductionwith isopropyl β-d-1-thiogalactopyranoside (IPTG), achemical inducer that activates the T7 promoter, thatbalances the host’s metabolic burden, (Buldum et al.,2018), ruling out higher induction as a potential wayto improve yield. Noting that the literature conflicts onwhether accessory genes ccpax and cmcax are neces-sary for BC synthesis, the exclusion of these genes wasa deliberate choice to reduce the genetic payload of thesystem and improve construct stability.

Device levelThe dual plasmid system involves two distinct path-ways: the first plasmid includes the UDP-Glc precur-sor pathway (Figure 2), and the second plasmid con-tains the bacterial cellulose synthase pathway (Fig-ure 3). Plasmid one includes pgm, which encodesphosphoglucomutase, an enzyme that catalyzes the re-versible interconversion of glucose-1-phosphate intoglucose-6-phosphate via the enzyme-bound interme-diate glucose-1,6-bisphosphate (Lu & Kleckner, 1994);under conditions where downstream enzymes suchas galU actively consume glucose-1-phosphate to pro-duce UDP-Glc, overexpression of pgm is expected to in-crease carbon flux toward the UDP-Glc pool requiredfor bacterial cellulose synthesis. Metabolic flux ispulled toward UDP-Glc synthesis by the high availabil-ity of glucose-6-phosphate fromglycolysis and the sub-sequent consumption of glucose-1-phosphate by galU,which drives the equilibrium forward. Because pgm isnative and highly conserved in both E. coli and K. xyli-
nus, and because galU utilizes glucose-1-phosphate asits substrate, co-overexpression of pgm ensures suffi-cient precursor availability to support increased UDP-Glc synthesis. galU lies downstream of pgm, coding forUGPase. UGPase catalyzes the conversion of glucose-1-phosphate and UTP into UDP-Glc, the direct metabolicprecursor for bacterial cellulose synthesis. Both pgmand galU are native to E. coli, and their overexpres-sion aims to increase intracellular UDP-Glc levels andthereby enhance substrate availability for downstreamcellulose polymerization by the bcs operon.Plasmid two includes the bcsABCD operon, firstidentified in K. xylinus. While the four-gene bcsABCDoperon is essential for BC production in vivo, the bcsAand bcsB pair alone is sufficient to synthesize BC in
vitro (Römling & Galperin, 2015). bcsA and bcsB codefor themembrane protein bacterial cellulose synthase,while bcsC and bcsD are essential for the secretion andassembly of bacterial cellulose (Kondo et al., 2022).All plasmids will utilize the T7lac promoter beforeeach gene; inducible expression is valuable given themetabolic burden these plasmids will likely place onthe host cell. Thus, dual expression with bcsABCD and
pgm/galUwill be controlled under IPTG induction, andsuccess will be measured in the weight of BC.Several bacterial strains have been shown to suc-cessfully express BC synthase; among them, E. coli C41(DE3) was a natural choice of chassis (Buldum et al.,2018). Its enhanced plasmid stability and toleranceto toxic recombinant protein expression, as well as itshigher transformation efficiency compared to strainssuch as E. coli BL21(DE3) (Dumon-Seignovert et al.,2004)moderated themisfolding of recombinantmem-
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Figure 1. Metabolic pathway of Bacterial Cellulose synthesis in K. xylinus, with key enzymes highlighted in blue,
(based on Raghavendran et al., 2020)

Figure 2. The genetic construct of promoter-GalU-
pgm-GFP, which was constructed using Kernel. Asimov,
Inc. (2026). Kernel [Version 3.239.3] [Web-based soft-
ware]. https://www.asimov.com/kernel (Accessed
January 15, 2026)

Figure 3. Schematic representation of the engineered
plasmids used. The left construct carries pgm and galU
under the T7lac promoter, while the right construct con-
tains the bcsABCD operon, with each gene regulated
by a T7lac promoter. Both plasmids include an origin
of replication (Ori) and antibiotic resistance markers,
which are shown as placeholders rather than specific
genes.

brane proteins and limited their toxicity. The broaderdecision to focus on recombinant BC production in E.
coli had two reasons. First, E. coli’s well-characterizedgenetics, extensive molecular biology toolkit, and easeofmanipulation arewell-suited for testingplasmid sys-tems such as the pgm/galU device. Second, K. xylinus’sslow growth and instability render large-scale BC syn-thesis difficult (Buldum et al., 2020). E. coli as an alter-native host offers an optimistic solution.
Parts levelThe RBS (BBa_B0030) is a standard ribosome bind-ing site characterized by many past iGEM teams, in-cluding the 2022 William & Mary iGEM Team’s chas-sEASE project, where it was used to drive translationupstream of a GFP coding sequence (Experiments |William_and_Mary - IGEM 2022, 2022). and is alsowidely utilized for its strong protein expression, mak-ing it a clear choice for overexpressing key genes in thebacterial cellulose pathway.TheT7lac promoter (BBa_J435350) chosen is a stan-dard promoter that enables tightly controlled, high lev-els of transcription that are induced under IPTG. Con-sidering its well-characterized kinetics and strong ex-pression, this would be a standard choice to establisha baseline for expression levels.The pgm/galU device will be inserted into the vec-tor pBR322, which was selected for its medium copynumber and lack of an internal promoter, allowing forquicker ligation by dividing the digested vector intoaliquots for different promoter groups without addi-tional steps to remove an internal promoter. The pri-mary antibiotic marker for this plasmid is ampicillin,and this was a clear choice because of its reliabilityand accessibility. The pgm/galU device, promoters,and backbonewill be ligated together in a one-pot pro-cedure using modified 3A assembly. Each of these
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parts is sourced from the Registry of Standard Biologi-cal Parts and is fittingly designed to have specific, com-plementary restriction sites with BioBrick suffixes andprefixes to ensure ligation. Following this, the plas-mids would be transformed into the C41(DE3) cells,which are optimized for high-level expression of re-combinant proteins and tolerance to toxic products.The pACYCDuet-1 vector was chosen for the bc-
sABCD device. Its ori is p15A, which is compatible withthe pMB1origin found in pBR322. The origin is also fora medium copy number of plasmid, which is suitablegiven themetabolic burden bcsABCD expression exertson its host (Buldum et al., 2018). The vector confersresistance to chloramphenicol, which is suitable for se-lective antibiotic resistance to ensure plasmid uptake.This vector also has T7/lac, meaning it is compatiblewith our genetic design.After heat shock of competent cells at 42°Cwith bothplasmids, the cells are to be plated on both ampicillinand chloramphenicol markers.
SafetyThis project utilizesE. coliC41(DE3), a non-pathogenicderivative of the K-12 lineage classified as BiosafetyLevel 1 (BSL-1). This strain was selected for its en-hanced tolerance to recombinant protein expressionand lack of virulence factors, minimizing risks to re-searchers and the environment. All molecular cloningand culture work will be performed in a certifiedbiosafety cabinet following GoodMicrobiological Prac-tices, including the use of appropriate personal protec-tive equipment.To prevent environmental release, all liquid andsolid waste containing genetically modified organismswill be autoclaved at 121°C for at least 1 hour prior todisposal. The experimental design prioritizes safety byavoiding antibiotic resistance markers where possibleand relying on metabolic selection or low-copy plas-mids to reduce the risk of horizontal gene transfer. Ad-ditionally, the project uses a phased approach that ini-tially focuses on optimizing precursor pathways (pgmand galU) before further steps. This strategy allows forthe identification and management of metabolic bur-dens within a controlled setting, ensuring the systemremains stable and safe before scaling toward indus-trial material production.
DiscussionsThis dual plasmid system presents a promising ap-proach to precursor limitations in large-scale BC pro-duction. It addresses the lack of research conductedon heterogeneous BC synthesis and addresses yieldconcerns. Although K. xylinus naturally produces BC,

introducing the pgm/galU device could further en-hance UDP-Glc availability, potentially increase cellu-lose yield, and improve production efficiency. EfficientBC production allows for a wide range of industrialand biomedical applications, such as electronics andwound dressings (Klemm et al., 2005).While E. coli is not naturally adapted for cellulosesecretion, the use of E. coli as a chassis addressesseveral limitations in native BC producers. K. xylinusgrows slowly and has lower productivity relative toother bacteria, and spontaneousmutation of cellulose-producing strains to non-cellulose-producing strainshinders BC production from scaling up (Buldum et al.,2018; Al-Janabi et al., 2022). However, E. coli’s supe-rior growth kinetics and developed genetic toolkit of-fer a heterogeneous solution to complications found innative producers. Nonetheless, a heterogeneous sys-tem presents its own challenges. The introduction ofthe bcs operon in E. coli BL21 was met with the forma-tion of inclusion bodies and plasmid instability (Bul-dum et al., 2018; Al-Janabi et al., 2022). Although us-ing the E. coli strain C41 (DE3) addresses this con-cern, the instability of the bcsABCD operon in hetero-geneous hosts is a potential problem. Additionally,the metabolic burden of maintaining two plasmids si-multaneously imposes a fitness cost on the host. Tomonitor this, we will track optical density at 600 nm(OD600) alongside induction to detect early signs ofgrowth suppression before yield data becomes unin-terpretable.Furthermore, a dual plasmid system is prone to lossof plasmid due to plasmid segregation. Constitutivegene expression negatively impacts segregational plas-mid instability (Popov et al., 2011). Thus, IPTG induc-tion and the T7/lac promoter are used for all genesin this project. The metabolic burden imposed onthe cell by these plasmids can be addressed in the fu-ture by using alternative promoters (Silva et al., 2012).Cell growth may also be inhibited due to changes inmetabolic flux, potentially compromising yield to en-sure the health of cell cultures.In the design, we will determine success by compar-ing the dry weight of BC between the different exper-imental groups. By screening the impacts of inducerconcentrations of IPTG and incubation temperatures,wewill determinewhich set of variableswill maximizeBC growth. The controlswill contain an empty pBR322vector with the bcsABCD plasmid, illustrating how thegenes pgm/galU are needed for BC synthesis.
Next stepsFirst, we will integrate these experimental results intoa mathematical model to predict system behavior un-
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der untested conditions. This modeling phase will re-fine our selection of the optimal inducer-temperaturecombination, providing a data-driven rationale for thefinal configuration. Next, we will move to construct-ing and testing a two-plasmid co-expression system.This final step involves introducing the cellulose syn-thase operon (bcsABCD) alongside our pgm/galU path-way to verify that the increased precursor pool suc-cessfully drives bacterial cellulose production in E. coliC41(DE3).
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