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Abstract 

Bacterial consortia enriched from domestic wastewater were studied through kinetic and genetic circuit 

modeling to optimize extracellular polysaccharide (EPS) production and nitrogen removal. This study 

integrates kinetic modelling and synthetic biology to optimize consortia performance. Growth kinetics 

were simulated using extended Monod and Verhulst models, under controlled nitrogen flux (10 ppm 

NH₄Cl), yielding a maximum biomass concentration (OD₅₉₀ = 5.39) and an EPS production of 2.63 g/L 

by day 45. The Monod model described the specific growth rate (μ) as a function of nitrogen 

concentration (Sₙ), while the Verhulst model estimated biomass accumulation over time. Scanning 

electron microscopy (SEM) showed the gradual development of biofilms, starting from scattered 

clusters, and progressing to dense structures. Nitrogen flux analysis revealed that 80% of ammonia was 

oxidized by autotrophic bacteria (AOB/NOB). PCR amplification confirmed the presence of the exoY 

gene, which was used to build a BUFFER-gate logic gene circuit for controlling succinoglycan 

production. Through focused genetic and kinetic optimization, this study demonstrates effective 

nitrification, providing a strong framework for wastewater treatment and biofilm engineering. 

 

Keywords: EPS, Nitrite-oxidizing bacteria, Ammonia-oxidizing bacteria, Monod model, Verhulst 

model, exoY 
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1. Introduction 

Over the past few decades, environmental biologists and microbiologists have used microbial 

resources for wastewater treatment. Earlier studies used a single-strain microorganisms that produced 

notable results (Song et al., 2021). Subsequent research has suggested that mixed microbial consortia 

may provide a more sustainable approach to wastewater remediation (both metals and organics) than 

single-strain treatments. These dynamic bacterial assemblages are being used in many ways for their 

ability to remove pollutants, especially in biological wastewater treatment systems. By using their high 

biodegradation efficiency to degrade contaminants, microbial consortia provide an economical and 

environmentally responsible substitute for traditional wastewater treatment methods. Moreover, the 

consortium helps to enhance wastewater quality by decreasing the odor and color, thereby improving 

the performance and sustainability of treatment plants (Del Nery et al., 2016). Bacterial biofilm 

improves operational sustainability in large-scale wastewater treatment systems by reducing sludge 

formation in contrast to conventional techniques such as chemical treatments and membrane filtration 

(He et al., 2023). EPS is essential for biofilm activity in biological treatment systems. They affect 

adsorption, flocculation, settling, dewatering, and the structural integrity of microbial aggregates 

(Sheng et al., 2010). The extracellular matrix of bacterial biofilms mostly consists of 

exopolysaccharides, proteins, nucleic acids, and dead cells, playing a key role in cell-cell 

communication (Heilmann & Götz, 2009). Surface morphology and functionalization are also key 

factors in pollutant removal (Rehan et al., 2023). The development of microbial consortia is a complex 

process, involving multiple bacterial species that grow on surfaces and produce EPS. Chen et al. (2021) 

identified common biofilm-forming bacteria such as Pseudomonas aeruginosa, Staphylococcus 

epidermidis, Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, Streptococcus viridans, 

Staphylococcus aureus, and Enterococcus faecalis. Although proteins and polysaccharides are the main 

components of the biofilms formed by these bacteria, EPS also contains uronic acids, humic substances, 

lipids, and various inorganic elements (Guibaud et al., 2012; Zhao et al., 2019). These substances not 

only contribute to structural integrity but also help bind pollutants, which are important in designing 

advanced adsorbent materials (Awual et al., 2019). According to Freire-Nordi et al. (2005), EPS with 

uronic acids and sulphates can trap positively charged metal ions, making it useful for water 

purification. The composition and concentration of EPS in sludge aggregates depend on several factors, 

including the sludge source, type of wastewater, and operational conditions (Yuan et al., 2017). EPS 

has shown potential in environmental remediation by facilitating the removal of pollutants and heavy 

metals from contaminated areas. The consortium-associated EPS plays a significant role in cleaning up 

the environment (Bhattacharya et al., 2019; Hasan et al., 2021). This study supports larger 

environmental engineering objectives to develop sustainable systems for water purification and 

contaminant removal. Given its diverse functions, EPS is increasingly recognized as a key component 

in sustainable production systems and circular bioeconomy (Awual et al., 2019; Hasan et al., 2021). 
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Nitrifying bacteria, such as ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria 

(NOB), are typically autotrophic and play a key role in nitrogen removal. Microbial consortia that 

include these bacteria can aid in the removal of heavy metals and nutrients (phosphate and nitrate) from 

the wastewater and stabilize the downstream treatment process. Similar to engineered material systems 

designed to both detect and remove contaminants, nitrifying bacterial consortia exhibit a dual 

functionality: they remove nitrogenous and metal pollutants while simultaneously detecting and 

responding to environmental signals through regulatory gene circuits and EPS-mediated biofilm 

dynamics (Awual et al., 2016); (Flemming et al., 2010). Autotrophic bacteria obtain energy by oxidizing 

ammonia to nitrite and then to nitrate or by using organic substances as a nitrogen source (Vajda et al., 

2011; Xia et al., 2019). Nitrifying consortia also boost EPS production due to their role in microbial 

granulation and environmental adaptability. These factors contribute to the stability and efficiency of 

wastewater treatment processes, making nitrifying consortia particularly effective in EPS enhancement 

(Li et al., 2020; Song et al., 2020). 

In bioremediation, the roles of AOB and NOB have been studied using both physiological and 

molecular in situ methods (Cai et al., 2018). Since several genes are involved in EPS synthesis (exo, 

epsE, eps9F, epsH, and epsF) contribute to the formation of the consortium structure, they are also 

crucial for its  development (Janczarek, 2011). In a recent research, Wang et al. (2023)  reported that 

the EPS from Streptococcus thermophilus has a significant application in the dairy industry and 

probiotics. A profound knowledge of EPS production can help to correlate the fermentation processes 

to improve the quality of the fermented products. Thus, the microbial EPS has broader perspectives, 

roles and applications in diverse bacteria.  Additionally, studies confirm that nutrient sources play a 

major role in the production of microbial EPS. Therefore, understanding how specific genes and nutrient 

sources affect EPS production could improve wastewater treatment efficiency (Wang et al., 2025).  

Various mathematical models have been proposed to describe changes in compound metabolism 

when exposed to microbial cultures from natural environments (Smith et al., 1997). Such modelling 

efforts are essential for optimizing performance in both biological and material-based treatment systems 

(Awual et al., 2020). According to Hwi Jeong and Min Lee (2013), most growth models rely on Monod 

kinetics and require the measurement of several parameters. The Monod model is widely used to 

demonstrate growth-linked substrate utilization. Additionally, Liu (2006) highlighted the Monod 

equation as a highly effective model for demonstrating the relationship between specific growth rate 

and required substrate concentration. Ruiz et al. (2013) simulated bacterial biomass growth rate using 

the Verhulst kinetic model. Additionally, Dmitry et al. (2015) also used the Verhulst logical equation 

for modelling the biomass cultivation process. This research aims to enhance the productivity of 

wastewater treatment plants by integrating the Monod and Verhulst models for consortium bacterial 

growth. The highest biomass concentration of EPS-producing species significantly increases the 

consortium growth which occurs at the biofilm-liquid interface (Kreft & Wimpenny, 2001). The 

Monod/Verhulst model has proven effective in capturing the complex non-linear dynamics of microbial 
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EPS production, which traditional single-factor models often fail to predict accurately (Marques et al., 

2017; Plattes & Lahore, 2023). The gene circuit model, based on logic gate design principles, represents 

a significant advancement in synthetic biology (Lezia et al., 2022). In this framework, genetic 

components such as promoters, repressors, and regulatory proteins are engineered to function 

analogously to electronic circuits, where logic operations (e.g., AND, OR, NOT) regulate gene 

expression in a predictable manner. Importantly, when applied to EPS synthesis, such circuits enable 

the fine-tuned regulation of key biosynthetic genes, allowing for optimized flux through metabolic 

pathways. This integration of gene circuit engineering with microbial consortia dynamics offers a 

powerful strategy to enhance EPS production in nitrifying bacteria (Awual, 2016). In this study, we 

worked on designing a Boolean logic model to understand how to control EPS production by regulating 

the expression of specific genes. This allows bacteria to respond to environmental signals and improve 

EPS output by making better use of nitrogen sources. Overall, improving substrate flux kinetics and the 

construction of gene circuits can increase the efficiency of EPS production in microbial consortia. These 

approaches also support broader goals in developing sustainable energy and environmental technologies 

(Islam, Malek, et al., 2025). Hence, this study aims to construct a gene circuit based on logic gates for 

the EPS pathway in consortia-forming bacteria and to assess their growth kinetics, structural properties, 

and wastewater treatment potential.  

 

2. Materials and methods 

2.1 Sample collection and Synthetic medium preparation  

The sludge sample was collected from the domestic wastewater treatment plant in Coimbatore. 

The sample was transferred to the lab and stored at 4°C. Modified synthetic media was prepared 

following 0.3g KCl, 0.5g KH2PO4, 2.5g NaCl, 0.02g NH4Cl, 0.04g K2HPO4, 1.6g Na2CO3, 0.03g 

CaCO3, 0.5g CaCl2, and 5g starch (Youssef et al., 2016). The sample-inoculated culture flasks were 

placed in a shaker incubator at 37°C with a shaking speed of 150 rpm. Throughout the study period, the 

pH was maintained at an optimal value of 7.8. 

The basic characterization of the wastewater physiochemical parameters was determined for the 

Chemical oxygen demand (COD), Biological oxygen demand (BOD), turbidity, pH, electrical 

conductivity, Total solids, total suspended solids (TSS) and total dissolved solids (TDS).  

2.2 Consortia development  

The culture was enriched with  NH4Cl of 10 ppm every two days. This addition provides the 

microorganisms with a nitrogen source that is expected to promote the formation of nitrogen utilizing 

population. The growth of the bacterial consortia was regularly measured in triplicate via optical density 

(OD through a UV-VIS spectrophotometer at 600 nm) and growth kinetics were systematically 

determined using batch culture experiments, analysed with mathematical models like Monod and 

Verhulst equations  (Hamzah et al., 2013). To avoid spectrophotometer saturation for cultures exceeding 

the instrument’s linear range (OD ≥2.2), all high-density samples were diluted before OD measurement. 
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The samples were diluted with sterile medium before reading and the measured OD was back-calculated 

for the undiluted culture. Blank corrections were performed using sterile medium. The increase in the 

growth ratio correlated with the increase in the biomass of the culture.  

2.3 Mathematical modelling and kinetic expression of consortia growth 

This study aimed to predict the consortia development by employing the mathematical model 

(Sadiq et al., 2018) and focused specifically on nitrogen utilization as a substrate. The Monod model 

expressed growth kinetics utilizing the relationship between growth and substrate concentration. 

                                                                       𝜇 = 𝜇𝑚𝑎𝑥 [
𝑆𝑖

𝑘𝑖+𝑆𝑖
]                           (1) 

Where the specific growth rate is represented by μ, the substrate concentration is denoted as 𝑆𝑖,  𝜇𝑚𝑎𝑥 

stands for the maximum specific growth rate and the saturation constant is 𝑘𝑖. Since focused solely on 

a single substrate type, the specific growth rate, μ can be expressed as 

                                                                       µ=µ𝑚𝑎𝑥 [
𝑆𝑁

𝐾𝑁+𝑆𝑁
]                                          (2) 

where 𝑆𝑁 represents the concentration of nitrogen in the medium and 𝑘𝑁  is the half-saturation constant 

for nitrogen. The specific growth rate utilized in this study is an expansion of the Monod model. 

In addition to the Monod model, the Verhulst model was employed to capture the dynamics of biomass 

accumulation over time. The Verhulst model is expressed as described in (Abdel-Raouf et al., 2012). 

                                                                                                          𝑋(𝑡) =
𝑋𝑚𝑋0𝑒µ𝑡 

𝑋𝑚−𝑋0+𝑋0𝑒µ𝑡
                                      (3) 

where x represents the biomass concentration of biofilm, 𝑥𝑚  represents the maximum cell 

concentration that the system can reach in batch, 𝑋0 is the initial concentration of microorganism, t 

represents time and μ is the specific growth rate of the biofilm. The specific growth rate in the extended 

Monod model (2) is substituted into the Verhulst model (3) to estimate the consortia growth. 

2.4 Mathematical modelling and kinetic expression for nutrient uptake by consortia 

The equation representing the Verhulst model was used to precisely explain the nutrient 

absorption by the consortia (Álvarez-Díaz et al., 2017). 

                                                           (
𝑋0

𝑌
+ 𝑆0) (𝑆0 − 𝑆𝑛𝑎)  −𝑆𝑛𝑎  (

𝑋0

𝑌
+ 𝑆0)                                      (4)                                 

                                                                    (𝑆0 − 𝑆𝑛𝑎) − (𝑆0 − (
𝑋0

𝑌
+ 𝑆0)) e

pt
            

where S is the total nutrient concentration, 𝑆0  represents the initial amount of substrate concentration 

in the culture medium, 𝑆𝑛𝑎 is the unassimilated substrate concentration and p denotes the specific 

consortia growth rate and Y is the consortia yield coefficient for the ratio of biomass produced per mass 

of substrate incorporated as organic or structural which can be calculated using the equation as stated 

below 

                                                                                  𝑌 = [(
𝑋𝑚 −𝑋0

𝑆𝑏−𝑆𝑛𝑎
)]                                                                   (5)                                                           

     S  = 
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By some transformations to (4) as outlined in the study by Álvarez-Díaz et al., (2017), the equation can 

be modified to resemble equation (3) 

Hence, conclude that p indicates the specific growth rate of consortia, µ and t have the same relation to 

estimate consortia growth and nutrient uptake by using the Verhulst model. Therefore, the specific 

growth rate, μ of the extended Monod model in (2) will be used in place of p for nutrient absorption by 

the consortium. 

                                                                                𝑋(𝑡) =
𝑋𝑚𝑋0𝑒µ𝑡 

𝑋𝑚−𝑋0+𝑋0𝑒µ𝑡
                                                 (6)                                                                       

2.5 EPS determination and quantification 

The consortium culture was centrifuged at 14000×g for 15 min (sigma 2-16KL, Germany). 

Ethanol was added to the supernatant in a common ratio of 1:3 (supernatant: ethanol), which induces 

precipitation of the EPS. The supernatant with 95% cold ethanol was vigorously stirred and then kept 

for 24 h at 4°C to ensure complete EPS precipitation. Subsequently, the precipitates were collected by 

centrifugation at 14000×g for 20 min and the supernatant was removed (Padmanaban et al., 2015). After 

ethanol precipitation, the EPS pellet was washed and dehydrated with cold ethanol and acetone to 

minimize contamination from low molecular weight compounds and salts. The repeated washing is 

reported to significantly improve EPS purity (Khanal et al., 2017). The recovered EPS was figured out 

gravimetrically by g/L of culture medium and then made to dry. The dehydrated EPS was weighed for 

up to 45 days during the culture process.   

2.6 Characterization of morphology 

The SEM analysis was used to examine the morphological features of the bacterial consortium-

associated EPS. The bacterial consortium was then dehydrated using ethanol at different concentrations 

and the pellet was collected using an ultrafiltration after seven days of growth. The dehydrated pellet 

was then analysed using SEM to evaluate the formation of biofilm and aggregation of cells via EPS 

(Jyoti et al., 2024). The same procedure was repeated on the 45th day of growth to observe any changes 

during the incubation period (Rangaswamy et al., 2020). 

2.7 Physiochemical properties of ammonia, nitrite, nitrate, and nitrogen flux 

The phenate method was used to measure and record the levels of ammonia, nitrite, and nitrate 

in the samples in order to assess the efficacy of the nitrification process in the consortium sample that 

was fed with NH4Cl (Joseph et al., 2021). The values were measured before feeding, during feeding, 

and after feeding of NH4Cl.  

2.7.1 Estimation of ammonia 

  1mL of sample was mixed with 0.4 mL of sodium phenate (1.06 M) and sodium nitroprusside 

solution (16 mM), followed by the addition of 1 mL of oxidizing reagent, prepared by combining 100 

mL of alkaline solution [0.6 M trisodium citrate, 0.25 N sodium hydroxide] with 25 mL of sodium 

hypochlorite solution (5% w/v). Finally, the volume was made up to 10 mL with double-distilled water. 

2.7.2 Estimation of nitrite 
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The 10 mL of a sample was added with 0.2 mL of sulphanilamide solution (1% (w/v) in 1 N 

HCl) and 0.2 mL of NED. The reading was taken after 8 min at the absorbance of 543 nm. 

2.7.3 Estimation of nitrate 

A mixture was prepared by adding 10 mL of the sample, 0.4 mL of buffer reagent (5% w/v in 

buffer phenol solution in 0.125 N and NaOH 1:1 ratio), 0.2 mL of 0.00465 M hydrazine sulphate, 0.0008 

M CuSO4 in a 1:1 ratio and then incubated in the dark for 18-24 h and again added 0.4 mL of acetone, 

0.2 mL sulphanilamide, and 0.2 mL 5 mM NED. The reading was measured after 8 min at the 

absorbance of 543 nm. 

2.8 Determination of inorganic nitrogen flux 

The inorganic nitrogen fluxes in the consortia sample were calculated using the following 

equation (Yan et al., 2024). 

F =
ΔC. V

A. Δt
 

 where F (mg 𝑚−2𝑑−1 ) represents inorganic nitrogen fluxes; V (𝑚3 ) is the volume of the flask; A (𝑚2 

) is the bottom area of the flask; ∆t (d) denotes the incubation duration; and ΔC(
𝑚𝑔

𝑙
) stands the change 

in the concentrations of ammonia, nitrite, and nitrate before and after incubation. 

2.9 DNA extraction 

Genomic DNA was isolated from the sediment using the protocol described by (Araya et al., 

2003) with slight modifications. The extracted DNA was added with 10 mL of CTAB buffer and tube 

was vortexed and placed in a shaking incubator for 10 min at 60°C. Subsequently, it was centrifuged at 

1500×g for 15 min to separate layers. The supernatant was added with cool Isopropanol and 5M NaCl. 

Stored at -20°C for overnight. After centrifugation at 1500×g for 15 min, the entire solution was 

removed from the pellet. 2 mL of 70% ethanol was added to the tube and centrifuged at 1500×g for 2 

min. The rest of the ethanol was discarded and dried for 30 min. 10 mM of Tris HCl was added and the 

collected samples were subsequently stored at -20°C. 

2.10  PCR and confirmation of amplicons 

PCR was used to screen the exoY gene to detect the presence of EPS in the genomic DNA 

sample from the consortium bacteria with the forward and reverse primers sequence, 5’-

ATGCGTATCGACGGTCATC- 3’ and 5’CCGAGGGGGGTGTATCTGACCC-3’. The PCR reaction 

was carried out at a total volume of 10μL as follows: 5μL of Amp GT PCR master mix (Takara Bio 

Inc), 0.4μL of both forward and reverse primers each, 3.8μL of DNA template, and made up to 10μl 

final volume with molecular grade water. The PCR conditions were carried out as an initial denaturation 

step (at 95°C for 5 min), followed by 37 cycles of repetitions of denaturation (at 95°C for 10 s), 

annealing at 58°C, extension at 72°C for 1.30 s with the final extension at 72°C for 10 min (Araya et 

al., 2003). Aliquots of PCR products were analyzed by electrophoresis in 1% (w/v) molecular grade 

agarose (Sigma-Aldrich, USA) gels containing ethidium bromide (0.5 mg mL−1).  



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

2.11 Orthology of functional genes and Logic circuit of the pathway 

The gene circuit was constructed to map regulatory interactions governing EPS biosynthesis in 

nitrifying consortia, using Boolean logic principles adapted from Boscaino et al. (2019). The EPS 

functional genes for all consortia-forming bacterial groups in the Kyoto Encyclopedia of Genes and 

Genomes (KEGG) database were extracted from the datasets. KEGG programming interface 

information regarding the gene orthology of the bacterial organisms was obtained. The orthology 

content of each organism was converted into a binary logical content vector denoted by "1" (indicating 

the presence of the ortholog) and "0" (indicating its absence) among all orthologs found in the KEGG 

database. Modelling circuits of biological pathways focuses on the active events that lead to activation. 

Entries are compared in GErel based on the selection of genes in the initial two consecutive reactions. 

2.12   Statistical analysis 

Statistical analysis was performed to assess the significance of the results. Normality test was assessed 

by the Shapiro–Wilk.  A one-way Analysis of Variance (ANOVA) was performed to identify significant 

differences (p≤ 0.05) in biofilm development.  

3. Results 

The collected wastewater sample was characterized for a basic understanding of the microbial 

community. The pH of the domestic wastewater was found to be 7.71, indicating no extreme 

acidity/alkalinity. The turbidity value for wastewater was 151.0 NTU, which signifies suspended solids, 

potentially from organic/inorganic pollutants. The electrical conductivity value was 4600 

µS/cm. Conductivity plays a crucial role in wastewater quality control, as it can predict the degree of 

mineralization and salinity in the wastewater. TSS (1480 mg/L) and TDS (2200 mg/L) were primarily 

composed of dissolved solids rather than suspended solids, which may suggest the presence of soluble 

contaminants like heavy metals. The total solids value of 3882.0 mg/L was below the maximum limit 

of 500 mg/L. In this study, COD levels were 1200 mg/L, above the usual criteria that indicate excessive 

oxidizable contaminants. The BOD level was 726 mg/L, which is necessary for the aerobic breakdown 

of dissolved organic materials over five days. 

3.1 Consortia development 

 The extended Monod and Verhulst models were used to estimate consortia growth on the 45th 

day in domestic wastewater (Table 1). Fig. 1 shows consortia growth in wastewater treatment plants, 

and the maximum cell concentration on the 45th day OD value was 5.39. The sustained increase in OD 

values throughout the incubation period signifies strong consortia development and maturation, 

highlighting the importance of long-term culture techniques in studying consortium development. The 

normality of consortia development by Shapiro-Wilk was 0.92 and statistically significant by ANOVA 

(p < 0.0005).  

3.2 Characterization of Consortia 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

SEM analysis qualitatively revealed structural differences between early (day 7–10) and mature (day 

45) consortia, showing increased clustering and EPS embedding over time (Fig. 2). It is recognized that 

sample preparation involving centrifugation and dehydration can alter ultrastructural features; thus, the 

images were interpreted only qualitatively. During the early stages, the consortia exhibited a sparse and 

irregular structure with less complexity in the cell structure (Fig. 2a). In contrast to the 45th day, the 

consortium growth has significantly increased in complexity, displaying a dense network of clustered 

cells embedded with a well-developed extracellular matrix and the morphological characteristics of 

consortia were rod-shaped as expressed in Fig. 2b and 2c. SEM analysis of the consortium culture on 

the initial 10th day showed minimal EPS presence despite the denser EPS matrix interaction among 

microorganisms (Fig. 2d). By the 45th day, cells exhibited a dense network and superior complexity 

due to increased EPS formation and well-developed EPS structures (Fig. 2e and 2f). The observed 

increase in cell aggregation and extracellular matrix formation was consistent with previous SEM 

studies of wastewater biofilms (Sheng et al., 2010).  

3.3 EPS formation 

The growth of EPS in the culture medium was gradually increased, enhancing the consortia 

growth and the maximum EPS production on the 45th day was 2.63 g/L (Fig. 3). The normality of EPS 

production was 0.88, were identified by the Shapiro-Wilk. ANOVA results prove statistically 

significant, which determines the high production of EPS (p <0.05). 

3.3 Substrate utilization and nitrogen flux resembling autotrophic population 

The consortia culture was fed with NH4Cl at an initial concentration of 10 ppm. The amount of 

ammonia, nitrite, and nitrate was estimated by the phenate method. The nitrogen-resembling consortia 

culture was fed with the NH4Cl and the ammonia has been utilised by the AOB population for ammonia 

oxidation, further transferred for the conversion of nitrite formation, utilised by the NOB population 

and effectively transferred for the nitrate formation (Table 2). This shows that the nitrogen was reduced 

drastically, proving that the consortia in the wastewater removed the nitrogen, which proves treating 

wastewater efficiently. This analysis highlights how autotrophic bacteria in consortia culture utilize 

substrates, focusing on the contributions of AOB and NOB populations (Fig. 5). The nitrogen substrate 

was consumed by the AOB and NOB populations via the processes of nitrification to nitration. In 

contrast to this, the changes in the nitrogen source concentration from the nitrogen flux (Fig. 4) in the 

consortium culture were also estimated for 45 days which typically involves measuring the changes in 

the concentrations of nitrogen compounds (ammonia, nitrite, and nitrate) in the culture after feeding the 

culture with NH4Cl at the same concentration of 10 ppm (Fig. 5). The statistical analysis showed no 

significant difference (p > 0.1). These findings indicate that the optimum condition for nitrogen removal 

and EPS production was achieved at 10 ppm NH4Cl, 37°C, and 150 rpm over a 45-day incubation 

period, under which the consortium removed 80% of ammonia and produced 2.63 g/L of EPS. 
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3.4 PCR and confirmation of amplicons 

The exoY gene primer was used to identify the presence of EPS in the consortia sample and 

produced a DNA fragment between 200-250 bp when annealed at 55°C. Agarose gel image for the 

obtained PCR product (In well 1, 𝑇𝑎 was 51°C; in well 2, 𝑇𝑎 was 52°C; in well 3, 𝑇𝑎 was 53°C and in 

well 4 is NTC followed by a 50bp molecular marker in well 5).    

3.5 Construction of logic circuits from the amplified PCR product 

PCR amplification and orthology data from the KEGG database identified exoY as the sole 

amplifiable gene linked to EPS synthesis in the consortium, prompting its selection as the circuit's 

central node. Binary logic gates were defined as follows: A BUFFER gate represented direct, 

unconditional activation, where exoY presence (input = 1) leads to the activation of exoL which in turn 

triggered EPS production (output = 1). AND gates were reserved for hypothetical auxiliary interactions, 

but no co-activators were amplified, limiting the circuit to a simplified BUFFER architecture. OR gates 

were omitted due to the absence of redundant EPS genes. The logic circuit, structured around a 

BUFFER gate (Fig. 6), mapped exoY activation directly to exoL gene which in turn linked to 

succinoglycan (EPS) biosynthesis (Reuber & Walker, 1993).  

4. Discussion 

4.1 EPS Production Dynamics and Biofilm Structural Maturation 

The increase in EPS yield (2.63 g/L on day 45) occurred in connection with qualitative 

morphological changes observed in SEM, where the irregular structure of early consortia transitioned 

to a denser, matrix-embedded network at day 45 (Fig. 2a–f), corroborating the role of EPS in stabilizing 

microbial aggregates (Shukla et al., 2019). The correlation between EPS accumulation and increased 

aggregate complexity is consistent with reports from wastewater and biofilm studies (Flemming et al., 

2010; Sheng et al., 2010). This aligns with studies emphasizing EPS as a structural scaffold that 

facilitates cell adhesion and nutrient retention within biofilms (Bhawal et al., 2022; Zhao et al., 2019). 

The maximum EPS production was 2.63 g/L on the 45th day (Fig. 3), while repeated wash steps were 

used to minimize interference by salts and small metabolites. The observed trend of EPS accumulation 

correlates strongly with consortia growth and is consistent with EPS yields reported in wastewater 

consortia (Prete et al., 2021;Nguyen et al., 2024).  

The SEM-derived biofilm architecture corroborates Wang et al. (2023), who linked structural 

complexity to the choice of substrate. However, further studies are recommended. SEM examination 

provided comparative evidence of increased extracellular and microbial aggregation over time. SEM 

does not fully preserve in situ biofilm architecture, the observed rod-shaped morphology and 

progressive aggregate complexity are consistent with earlier reports on substrate-linked biofilm 

development (Liu et al., 2023). The rod-shaped morphology is also consistent with taxa such as 
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Rhizobium spp. (Kaur et al., 2011) and Pseudomonas spp., with genomic detection of the exoY gene 

supporting their role in EPS overproduction. These findings should be interpreted qualitatively and in 

conjunction with EPS biochemical data, rather than as definitive structural proof. The temporal 

correlation between biofilm complexity and EPS accumulation underscores the necessity of prolonged 

incubation (45 days). While previous studies have reported high EPS yields within shorter incubation 

periods under optimized conditions, such systems often lack long-term stability or reusability. On the 

other hand, our study's 45-day duration of EPS synthesis suggests potential for biofilm regeneration. 

This indicates that, beyond initial yield, the consortium offers advantages in terms of durability and 

cost-effectiveness, making it a promising approach for industrial-scale applications. Future work should 

focus on evaluating the consortia’s regeneration capacity of the EPS-producing biofilm under repeated 

substrate loading in large-scale operational settings.  

The gravimetric quantification of EPS, performed using ethanol precipitation and subsequent washing, 

revealed a gradual increase, peaking at 2.63 g/L by day 45 (Fig. 3). Due to precipitation of bound 

solutes, multiple washing steps were included to minimize the artefact. The observed yields are 

consistent with previous reports on wastewater consortia (1.5–3.0 g/L; More et al., 2014), and higher 

than pure cultures (0.042 g/L in 96 h; Sellami et al., 2015). This increase was similar to microbial 

growth phases, with EPS production elevated during exponential growth due to active nutrient 

assimilation and sustained during late stages due to consortia stability. This long-term stability is 

consistent with broader trends in environmental remediation, where sustained performance is critical 

for effective pollutant removal (Waliullah et al., 2023). The observed EPS yield surpasses values 

reported for monocultures like Bacillus sp. 1.67 ± 0.06 g/L (Yin et al., 2022) and L. plantarum 0.630 

g/L (Zhang et al., 2023), underscoring the advantage of consortia in leveraging metabolic diversity. The 

integration of ammonium chloride as a nitrogen source likely enhanced autotrophic nitrifier activity, 

further driving EPS biosynthesis through metabolic synergy between AOB and NOB. This synergy is 

supported by findings that ammonium loading stimulates the abundance of both nitrifying (Nitrospira) 

and denitrifying genera (Magnetospirillum, Dechloromonas, Flavobacterium), facilitating coupled 

nitrification–denitrification processes that contribute to biofilm development and nutrient cycling (L. 

Yan et al., 2019). Moreover, discrepancies in optimal pH (Jyoti et al., 2024) and incubation duration 

(Sellami et al., 2015) highlight context-dependent variability in EPS production, necessitating strain-

specific optimisation. 

4.2 Kinetic Modelling of Consortium Growth and Substrate Utilization 

The Monod and Verhulst models served as reliable tools for analyzing the growth kinetics of 

the consortium and its use of nitrogen substrates. Such modelling approaches are widely applied in 

environmental systems to optimize process efficiency and predict system behavior under varying 

operational conditions (Islam, Teo, et al., 2025). The Monod-derived maximum specific growth rate 
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(µₘₐₓ = 5.39) and half-saturation constant (kₙ = 2.69) (Table 1) reflect efficient nitrogen assimilation, 

particularly under high substrate availability (Sₙ = 10 ppm). The Verhulst model further shows that 

biomass accumulation, predicting a maximum cell concentration (Xₘ = 1.63 g/L). The nitrogen flux 

analysis revealed that AOB oxidized 80% of the initial ammonium (8 ppm), while 42% of nitrite (4.2 

ppm) was further metabolized by NOB. The accumulation of residual nitrate (1.6 ppm) suggests the 

potential for downstream denitrification, indicating that the consortium may support both nitrification 

and partial denitrification under appropriate conditions, a trait advantageous for wastewater treatment. 

The performance observed under 10 ppm NH₄Cl and extended incubation suggests that this condition 

supports both autotrophic nitrifier activity and sustained EPS synthesis. Within the scope of this study, 

they represent an optimal operational window for enhanced pollutant removal and biofilm development.  

4.3 Gene Circuit Engineering and exoY Amplification in EPS Biosynthesis 

The exclusive amplification of exoY gene highlights its dominant role in EPS biosynthesis 

within the consortium. KEGG orthology traces exoY to Rhizobiaceae, suggesting Rhizobium-related 

species, which is known for its symbiotic nitrogen fixation and succinoglycan production which may 

dominate the consortium (Jones, 2012; Ratib et al., 2018). While Rhizobium is not classically 

autotrophic, its presence could synergize with undetected AOB, as Rhizobium-derived EPS may 

stabilize biofilms, enhancing retention of autotrophic nitrifiers. The observed nitrification efficiency 

likely arises from such metabolic partnerships, where Rhizobium’s heterotrophic activity complements 

autotrophic ammonia oxidation by AOB.  The BUFFER gate’s simplicity reflects the consortium’s 

reliance on exoY driven EPS synthesis. The exploration of genetic regulation in microbial systems 

aligns with ongoing developments in environmental biotechnology aimed at enhancing treatment 

precision and adaptability (Hasan et al., 2023). Moreover, the consortium’s higher EPS yield (2.63 g/L) 

suggests that using EPS producing bacterial consortium in water treatment plants, particularly by over 

expressing the exoY gene is promising when compared to single strains (2.45 g/L in Serratia sp.1) used 

in previous studies with similar conditions (Bezawada et al., 2013). Future work could integrate 

inducible promoters to further enhance EPS titers. 

4.4 Implications for Wastewater Treatment and Biotechnological Applications 

The consortium’s ability to reduce ammonium from 10 ppm to 2 ppm over 45 days 

demonstrates its efficacy in nitrogen removal, a critical metric for wastewater treatment. However, 

enhancing exoY gene expression might reduce this time frame further. The sequential oxidation of 

ammonia to nitrate, coupled with partial denitrification, could be a sustainable alternative to traditional 

methods. The EPS matrix’s metal-binding capacity, attributed to uronic acids and sulphates (Freire-

Nordi et al., 2005), positions the consortium as a candidate for bioremediation of heavy metal-laden 

effluents. This integrated approach reflects the broader movement toward multifunctional treatment 
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systems that combine pollutant removal with resource recovery (Awual, 2019; Islam et al., 2024).  This 

opens the door for further research in the field of bioremediation. 

5. Conclusion 

This study establishes a novel integrative framework that combines kinetic modelling, biofilm 

structural analysis, and synthetic gene circuit design to optimize EPS production in nitrifying bacterial 

consortia for wastewater treatment. Key innovations include the dual application of Monod and 

Verhulst models to predict consortium growth (OD₅₉₀ = 5.39) and substrate utilization under controlled 

nitrogen flux (10 ppm NH₄Cl), resulting in a maximum EPS yield of 2.63 g/L by day 45. The 

construction of a BUFFER-gate logic gene circuit, based on the presence of the exoY gene, provided a 

conceptual model for EPS biosynthesis regulation within the consortium. SEM imaging confirmed 

progressive biofilm maturation, with increased EPS accumulation correlating with structural 

complexity. Functionally, the consortium achieved 80% ammonia oxidation by autotrophic populations, 

with subsequent nitrite and nitrate transformations. Compared to monoculture systems, which often 

exhibit lower EPS yields and reduced metabolic versatility, the consortium demonstrated enhanced 

biopolymer production and pollutant removal. This highlights the advantage of metabolic cooperation 

in mixed microbial systems. 

In conclusion, this work advances the rational engineering of microbial consortia by integrating 

kinetic and genetic modelling approaches. Future research should explore inducible exoY expression 

systems and evaluate the consortium’s performance in field-scale applications, particularly for heavy 

metal remediation. Additionally, implementing comprehensive microbial community analysis 

techniques, such as 16S rRNA gene amplicon sequencing for taxonomic profiling, and metagenomics 

or meta transcriptomics for assessing functional potential and active gene expression, would enable 

confirmation of key microbial groups (e.g., AOB, NOB, Rhizobium) and provide insights into 

metabolic interdependencies. These approaches could support the design of more stable, resilient, and 

efficient consortia. 
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Figure Caption 

Fig. 1 Growth of consortia over 45 days of incubation 

Fig. 2 (a) SEM observation on the initial seven days growth of biofilm formation. (b) and (c) SEM observation 

on 45 days of growth of biofilm formation. (d) SEM observation on the initial seven days of the production of 

EPS formation. (e) and (f) SEM observation on the 45-day formation of EPS production. 

Fig. 3 Production of EPS enhanced in biofilm over 45 days of incubation 

Fig. 4 Nitrogen flux 

Fig. 5 Consortia culture fed with NH4Cl at an initial concentration of 10 ppm. b. 8ppm(𝑎𝑣𝑔.) of ammonia utilised 

by the AOB population for ammonia oxidation. c. unassimilated substrate in the consortia culture of value 

2ppm(𝑎𝑣𝑔.) d. 5ppm (𝑎𝑣𝑔.) of ammonia transferred for the conversion of nitrite formation. e. amount of ammonia 

utilised by the NOB population for the nitrite oxidation (4.2ppm (𝑎𝑣𝑔.)). f. 0.8ppm (𝑎𝑣𝑔.) of unutilised nitrite by 

the bacteria. g. 4ppm (𝑎𝑣𝑔.) of nitrite transformed for the formation of nitrate h. 1.6ppm (𝑎𝑣𝑔.) of nitrate utilised 

by the bacteria and i. remaining 2.4ppm entering into the denitrification process for further metabolism 

Fig. 6 KEGG pathway logic modelling 
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Table 1 

Parameters derived for the kinetics of consortia growth and substrate utilisation 

 

 

 

 

 

 

 

 

Table 2 

Substrate utilization rate quantified based on utilized, unutilized and residues of substrate in the culture 

S. 

No. 

Initial fed 

rate  

Substrate 

utilized 

Substrate 

residues 

Presence of a bacterial 

population 

1 10ppm 8ppm 2ppm Ammonia oxidation 

2 5ppm 4.2ppm 0.8ppm Nitrite oxidation 

3 4ppm 1.6ppm 2.4ppm Nitrate oxidation 

 

  

Parameters Values obtained 

µ𝒎𝒂𝒙 5.390 

 

𝒌𝑵 2.690 

 

𝑺𝑵 10 

 

𝑿𝟎 0.42 

 

𝑿𝒎 1.630 
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