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Abstract Bioaugmentation is a promising strategy
to enhance biological wastewater treatment by intro-
ducing functional microbial strains that improve pol-
lutant degradation and nutrient removal. However, the
practical success of bioaugmentation is often limited
by the washout of introduced bacteria, low coloniza-
tion efficiency, and competition with native microbial
communities. A key challenge is the lack of natural
aggregation or biofilm-forming ability in many func-
tional strains, making them vulnerable to operational
stresses and system perturbations. Although conven-
tional immobilization techniques have been applied
to improve microbial retention, these approaches can
be costly and may reduce microbial activity. Aero-
bic granules, highly structured microbial aggregates
known for their strong settling properties, dense
architecture, and intrinsic stability, have recently
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emerged as a valuable source of naturally aggregating
and biofilm-forming bacteria. These granule-derived
microorganisms exhibit functional traits that support
biological immobilization, enhancing the persistence
and performance of introduced strains. Acting as
bridging microorganisms, they promote coaggrega-
tion and physical integration with functional bac-
teria, facilitating biofilm formation and supporting
community stability. Although several case studies
highlight the potential of these bacteria in improving
bioaugmentation outcomes, a comprehensive explora-
tion of their functional traits, ecological interactions,
and engineering applications remains limited. This
review systematically examines recent advances in
bioaugmentation strategies using aggregating bac-
teria, particularly those derived from aerobic gran-
ules, elucidating their mechanisms of action and role
in supporting microbial persistence and synergy.
By focusing on their capacity to promote microbial
immobilization and integration in engineered sys-
tems, this work highlights a promising direction for
improving bioaugmentation performance. The review
identifies key research gaps and provides a framework
for designing more resilient and effective microbial
strategies for wastewater treatment.
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1 Introduction

Wastewater treatment is a vital component of global
environmental protection, aiming to reduce the
adverse impacts of effluents on natural ecosystems.
However, the growing complexity and volume of
wastewater, driven by urbanization, industrializa-
tion, and population growth, are challenging the
efficiency of conventional treatment technologies.
To address this challenge, biological wastewater
treatment processes are increasingly favoured due to
their eco-friendly and cost-effective nature (Zhang
et al. 2017). In principle, these processes rely on
the metabolic activity of microorganisms to degrade
pollutants, with their overall effectiveness depend-
ing heavily on the presence and activity of specific
functional microbial populations. However, biologi-
cal performance is often limited by the slow growth
rates of certain functional microorganisms, such
as nitrifiers and phosphorus-accumulating organ-
isms, which struggle to persist in systems operat-
ing under short sludge retention times (SRT) (Gong
et al. 2024; Huang & Cui 2025). These constraints
highlight the need for targeted strategies that can
reinforce the presence and activity of slow-grow-
ing functional microorganisms, thereby improving
the overall stability and performance of biological
treatment systems.

To overcome these limitations, bioaugmenta-
tion has emerged as a targeted biological strategy.
It involves the deliberate introduction of specialized
microbial strains or consortia with specific degrada-
tion capabilities to strengthen native microbial com-
munities and improve treatment performance (Chen
et al. 2015; Ma et al. 2022; Raper et al. 2018). In
practice, specialized microbial strains or consortia
with specific functional capabilities are intentionally
introduced into existing treatment systems, where the
functional bacteria perform specific, beneficial roles
in ecosystems, soil, water, and industrial processes.
Rather than being defined by their shape or taxon-
omy, functional bacteria are categorized by function,
such as nutrient cycling, symbiosis with hosts, fer-
mentation, bioremediation, and genetic engineering.
By boosting the abundance and activity of functional
bacteria, bioaugmentation offers a practical and tar-
geted solution to enhance biological treatment effi-
ciency where natural microbial growth alone is insuf-
ficient, particularly in systems with short SRTs.
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While bioaugmentation has demonstrated ben-
efits in terms of process stability, nutrient removal,
and system resilience (Wang et al. 2024), its broader
application is often hindered by challenges such as
washout of the introduced strains, limited coloniza-
tion, and competition with indigenous microbes (Her-
rero & Stuckey 2015). This is largely associated with
the lack of natural aggregation or biofilm-forming
ability in many bioaugmented strains, making them
vulnerable to environmental stress and operational
disruptions such as shock loads. These sudden fluctu-
ations in wastewater composition caused by industrial
discharges, pH shifts, or toxic compounds can desta-
bilize microbial communities and reduce treatment
efficiency. To mitigate these issues, conventional
carrier-based immobilization techniques, including
physical and chemical entrapment, have been used to
enhance microbial retention and protect introduced
strains (Li et al. 2013). However, these synthetic car-
rier-based immobilized systems often involve high
costs, complexity, or reduced microbial activity.

As an alternative to conventional immobiliza-
tion methods, growing attention has focused on
microbial aggregates that naturally develop within
engineered wastewater systems. Among these, aero-
bic granules have emerged as an important ecologi-
cal niche enriched with microorganisms that dis-
play strong aggregation and attachment capabilities
(Pincam et al. 2024). Their compact structure, steep
microbial stratification, and resilience under fluc-
tuating operational conditions (Zheng et al. 2024)
create an environment that selects for bacteria with
inherent abilities to adhere, cooperate, and withstand
hydraulic stress. These characteristics make aerobic
granules a promising reservoir of aggregating bacte-
ria that can potentially support bioaugmentation by
improving the retention and stability of introduced
strains (Cydzik-Kwiatkowska et al. 2022). Rather
than functioning merely as passive biomass, bacteria
originating from granules often participate actively in
interspecies interactions, aiding the establishment of
functional populations and strengthening community-
level robustness (Zhao et al. 2021). Recognizing this
untapped potential, recent research has begun explor-
ing how granule-associated organisms can be lever-
aged to facilitate microbial integration and enhance
the long-term success of bioaugmentation strategies
(J. Liu et al. 2025a, b; Zhang et al. 2025). These find-
ings suggest that granule-associated organisms play
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a key role in supporting sustained bioaugmentation
success.

This review aims to critically examine the emerg-
ing role of aggregating bacteria as mediators of cell
immobilization in bioaugmentation for wastewater
treatment. While previous studies have examined
microbial immobilization (Najim et al. 2024; Ogun-
dolie et al. 2024) and bioaugmentation (Chettri et al.
2024; Herrero & Stuckey 2015; Raper et al. 2018)
separately, they rarely address the functional role of
naturally aggregating bacteria in enhancing the per-
sistence, colonization, and synergistic performance
of introduced strains. The review first provides an
overview of the bioaugmentation process to iden-
tify limitations in microbial persistence and gaps
in conventional strategies. Key factors influencing
bioaugmentation performance, including microbial
interactions, aggregation traits, and environmental
conditions, are then examined, as these aspects are
rarely addressed systematically in the literature. Fol-
lowing this, the functional role of aggregating bacte-
ria in mediating cell immobilization and facilitating
community integration is discussed. Finally, by syn-
thesizing microbial trait-based insights with engineer-
ing considerations, we propose a novel framework
to guide the design of more resilient and effective
bioaugmentation strategies in wastewater treatment
systems.

2 Overview of bioaugmentation

Bioaugmentation, also known as seeding, is an in-
situ biological approach to contaminant remediation,
where supplementary microorganisms with specific
biodegradation capacities are introduced to enhance
the microbial community’s diversity and improve
the degradation performance in a polluted environ-
ment (Chettri et al. 2024; Ma et al. 2022; Raper et al.
2018). Numerous studies have focused on evaluat-
ing bioaugmentation strategies for wastewater treat-
ment, aiming to enhance the effectiveness of nutri-
ent removal and improve overall system performance
(Chen et al. 2015; Hong et al. 2024; Jia et al. 2019;
Liu et al. 2018; Wang et al. 2023; Yang et al. 2022).
Collectively, they have demonstrated that bioaugmen-
tation has become an important tool for strengthening
biological treatment processes, underscoring the need

to understand how different implementation strategies
influence its overall success.

Conventional bioaugmentation strategies primarily
involve the addition of free-floating microbial cells,
either as pre-adapted pure strains, microbial consortia,
genetically engineered bacteria, or vectors carrying
specific biodegradation genes, into biological treat-
ment systems to enhance pollutant degradation (El
Fantroussi & Agathos 2005). Although isolated pure
strains have been widely applied in bioaugmentation
for wastewater treatment (Nancharaiah et al. 2008;
Plangklang & Reungsang 2009; Zhu et al. 2015), the
use of enriched mixed microbial cultures is increas-
ingly preferred as mixed consortia often exhibit
greater metabolic diversity, ecological stability, and
resilience under fluctuating environmental condi-
tions, thereby enhancing the overall effectiveness and
robustness of bioaugmentation strategies (Bhatt et al.
2021; Feng et al. 2021; Mrozik & Piotrowska-Seget
2010). This shows that the success of conventional
bioaugmentation depends not only on the type of
inoculum used but also on the conditions that govern
its survival, stability, and activity within the treatment
system.

2.1 Factors influencing the stability and efficiency of
bioaugmentation

The success of any bioaugmentation application fun-
damentally depends on the ability of the introduced
bacteria to persist and remain active within the treat-
ment environment, a process governed by multiple
interconnected factors (Fig. 1).

2.1.1 Selection of bioaugmentation strain and its
characteristics

The most critical step in achieving successful bio-
augmentation is the selection of appropriate micro-
organisms with desirable functional traits. These
microorganisms should exhibit a high degrada-
tive potential toward specific pollutant(s) and pos-
sess key physiological and ecological characteris-
tics such as biofilm-forming ability, aggregation
capacity, and production of extracellular polymeric
substances (EPS). Additional traits that enhance
their effectiveness include bio-flocculating activ-
ity, motility, and the synthesis of biosurfactants
and autoinducers. To ensure persistence within the

@ Springer



12 Page 4 of 29

Rev Environ Sci Biotechnol (2026) 25:12

Selection of
Bioaugmentation Strain and
Characteristics

Pure cultures

o Genetically
engineered

. strain_s
¢ Functional traits

Microbial Interactions
and Community
Dynamics

Mixed cultures

e Dosing interval

. Aggregation ¢ §;g¥11¥21r/1
ability Bioaugmentation after dosing
Efficiency e Reactor type
e Competition e Hydraulic
e Predation stability
Synergism ¢ Influent COD
Horizontal gene transfer o Influent C:N:P ratio
o Community ° Biofilm support
adaption e Substrate type
o Toxicity stres

Bioaugmentation
Dosage

Dosing method
(Direct addition,
carrier-based)

e Dosing size

Reactor and Wastewater
Characteristics

Fig. 1 Interconnected roles of strain selection, dosing strategy, reactor configuration, wastewater characteristics, and microbial com-

munity dynamics in determining bioaugmentation efficiency

treatment system, the selected strains must be able
to survive post-inoculation, integrate into exist-
ing sludge flocs, or contribute to the formation of
microbial granules. Improper selection of microbial
strains for bioaugmentation in industrial wastewater
treatment can lead to unsatisfactory or inconsistent
results. To enhance compatibility and performance,
studies have focused on isolating inoculum from
the native microbial communities of the target envi-
ronment (Aguilar-Romero et al. 2025; Carlos et al.
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2016; Dong et al. 2025; Fan et al. 2025; Feng et al.
2021; Shan et al. 2023, 2025; Wang et al. 2022).
This approach offers a significant advantage, as the
selected strains are already adapted to the specific
physicochemical conditions and pollutant profiles of
the system, increasing their chances of survival and
activity post-inoculation (Chettri et al. 2024).There-
fore, the use of environmentally adapted strains rep-
resents one of the key strategies for achieving effi-
cient bioaugmentation.
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These selected strains could be either pure cultures
or microbial consortia. In many bioaugmentation
approaches, the use of multiple strains in consortia
has been beneficial in improving pollutant treatment
(Raper et al. 2018). For instance, the bacterial con-
sortium HM-4, composed of four isolates (Bacillus
cereus, Pseudomonas putida, Pseudomonas fluore-
scens, and Stenotrophomonas acidaminiphila), was
tested for its ability to decolorize six azo dyes. While
individual isolates could fully decolorize only two of
the dyes (AR-119 and AB-113), the consortium suc-
cessfully decolorized all six dyes at 20 mg/L and did
so at a significantly faster rate than any single isolate
(Khehra et al. 2005). This shows that well-designed
microbial consortia can achieve faster and more com-
prehensive pollutant degradation than single strains
alone in bioaugmentation.

Genetically modified organisms could be used to
overexpress pollutant degradation genes or increase
survivability (Raper et al. 2018). Under extreme
wastewater conditions such as high salinity, the pres-
ence of recalcitrant organics, and potentially toxic
elements, isolating naturally occurring strains with
the capacity to tolerate multiple stresses and perform
targeted functions is time-consuming and inconsistent
(Al-Ansari et al. 2021). Generally, in industrial waste-
water, complex mixtures of organic compounds, met-
als, and other contaminants co-exist. Research shows
that co-contaminants often exhibit synergistic toxic
effects, leading to greater overall toxicity than indi-
vidual pollutants alone (Wen et al. 2018). Microbial
consortia or engineered strains with enhanced resist-
ance to multiple contaminants, along with versatile
metabolic pathways, may offer more robust and effec-
tive bioaugmentation solutions under these complex
conditions. However, the deployment of engineered
microbes for environmental biotechnology is tightly
governed by biosafety and regulatory frameworks
that vary across regions (Lea-Smith et al. 2025).
Frameworks in the UK, EU, and USA impose rigor-
ous assessments due to concerns over unintended
ecological effects, including disruption of native
microbial communities and horizontal gene transfer.
Public acceptance of engineered strains is often con-
strained by information gaps and limited awareness of
biosafety issues, underscoring the need for transpar-
ent communication and education when deploying
genetically engineered microbes in environmental
systems (Ampadu-Ameyaw et al. 2021). Further, the

widespread release of genetically engineered bacteria
into natural environments remains controversial due
to potential impacts on human health, issues closely
linked to modern discussions on ecological risk, reg-
ulatory oversight, and public perception (Rafeeq et al.
2023). Therefore, although engineered strains offer
promising solutions for complex wastewater environ-
ments, overcoming these biosafety and regulatory
challenges remains essential before their widespread
adoption can be realised.

2.1.2 Bioaugmentation dosage

The techniques of dosing or applying microorganisms
to a treatment system affects the efficiency of bioaug-
mentation. The dosage and dosing interval, whether
through a single or repeated application are two criti-
cal factors in the bacterial dosing strategy for bioaug-
mentation. Selecting an appropriate dosing method
can significantly enhance an introduced strain’s com-
petitiveness against indigenous microorganisms and
improve its adaptability to the treatment environment
(Ma et al. 2022). Lee et al. (2022) studied the effect
of bioaugmentation dosage interval with Methanosar-
cina thermophila using two dosing intervals as single
and repeated where 10% v/v of the microbes grown
on biochar (1 g/L) were added at setup of the reactors
in single dosing, and same dose was added over 10
feeding cycles in repeated dosing. The best repeated
reactor showed 37% more yield, while the best single
reactor presented 32%. This repeated dosing, or fre-
quent dosing method, is useful in bioaugmentation to
avoid wash away due to the temporary stability of the
newly introduced strains (Herrero & Stuckey 2015).
However, the process can be labour-intensive and
costly, depending on the microbial strain and the bio-
augmentation technique employed.

When considering the characteristics of bioaug-
mentation dosing, the initial inoculum size or dos-
ing size is a critical factor, as it must be sufficiently
large to overcome initial predation and competition
pressures, yet not so excessive that it disrupts the
existing microbial community or ecosystem balance
in the reactor system (Raper et al. 2018). Evidence
across environmental matrices supports this; Gupta
et al. (2022) observed that inoculum concentrations in
the range of 107-10° CFU/mL consistently enhanced
diesel and biodiesel degradation, indicating that a
threshold abundance is often necessary to establish
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functional activity. However, dosage optimisation
is shaped not only by biological requirements but
also by operational constraints. Ahmed and Baitharu
(2023) emphasised that factors such as the availabil-
ity and quality of seeding biomass, transfer logistics,
and cost-benefit considerations collectively restrict
the practical upper limits of bioaugmentation dosing.
Thus, while higher doses may improve short-term
performance, sustainable applications require dosing
strategies that balance ecological effectiveness with
operational feasibility.

However, some studies (Lyon & Vogel 2013) indi-
cate that enhanced microbial abundance does not
always equate to improved degradation efficiency,
reinforcing the need for strategic dosing that inte-
grates inoculum amount, timing, and frequency. The
work of Lyon and Vogel (2013) illustrates this inter-
play vividly; when Pseudomonas cepacia was intro-
duced at very low densities (230-360 cells/mL) into
non-sterile lake water, the inoculum collapsed under
protozoan grazing and nutrient limitations, prevent-
ing p-nitrophenol mineralisation. Increasing the dose
to> 10* cells/mL, however, enabled survival and suc-
cessful degradation, and interventions such as proto-
zoan suppression or nutrient supplementation restored
activity even at lower starting densities. Collectively,
these findings demonstrate that adequate initial inoc-
ulum size is essential to overcome early ecological
losses in bioaugmentation, particularly in complex
systems like wastewater, where competition and graz-
ing can rapidly diminish introduced populations.

2.1.3 Microbial interactions and community
dynamics

The interaction between introduced microbial strains,
indigenous microorganisms, and pollutants plays a
critical role in the success of bioaugmentation by
influencing the structure, function, and stability of
microbial communities. These interactions can result
in either synergistic cooperation or competitive exclu-
sion, ultimately affecting the persistence and activ-
ity of the bioaugmented strains within the treatment
system.

One important mechanism facilitating community
adaptation is horizontal gene transfer (HGT), where
introduced bacteria can share catabolic genes, often
carried on plasmids with native microbes. This gene
exchange enhances the overall degradation capacity
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of the community by spreading pollutant-degrading
abilities beyond the inoculated strains. For exam-
ple, Nancharaiah et al. (2008) demonstrated plasmid
transfer of a green fluorescent protein-tagged Pseu-
domonas putida KT2442 strain to indigenous aerobic
granule microbes, facilitated by biofilm formation
and EPS. EPS secretion not only promotes microbial
aggregation and stable biofilm development but also
supports genetic exchange and metabolic cooperation.

Bioaugmentation often causes shifts in the micro-
bial community structure. While overall diversity
may temporarily decline, the abundance of introduced
strains or indigenous bacteria capable of degrading
target pollutants generally increases. For instance,
Feng et al. (2021) reported that bioaugmentation
with a synthetic consortium of Pseudomonas putida
and Rhodococcus ruber to degrade benzene, toluene,
and styrene (BTS), achieved above 90% removal effi-
ciency in both sludge and sewage while Acinetobac-
ter emerged as the most dominant genus in sludge
samples after bioaugmentation, accounting for 27.8%
of total sequences, followed by Pseudoxanthomonas
(13.2%), Comamonas (4.7%), and Flavobacterium
(4.4%). The increase in abundance of Acinetobacter
and Pseudoxanthomonas compared to the non-aug-
mented system suggests that the introduced strains
not only persisted but also altered the indigenous
community’s composition and promoted the growth
of other functional degraders to enhance the overall
catabolic potential of the microbial community. This
dominance may result from selective advantages such
as high degradation efficiency for hydrocarbons (e.g.,
BTEX, alkanes, PAHs), effective biofilm formation,
and horizontal gene transfer. For instance, Pseu-
domonas and Rhodococcus are known to secrete EPS,
which enhances biofilm development and cell-surface
hydrophobicity. Such biofilms facilitate microbial
aggregation and enable lateral gene transfer of cata-
bolic plasmids within the community, potentially
enhancing the metabolic capabilities of both the inoc-
ulated and native strains.

Similarly, Wang et al. (2024) found that introduc-
ing the auto-aggregating Pseudomonas strain XL-2
enriched beneficial genera such as Flavobacterium
and Paracoccus which contribute to EPS production
and denitrification, thereby improving granulation
and nitrogen removal. This has shown the potential of
bioaugmentation to mitigate the impact of pollutants
and help to preserve and maintain various bacterial
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species within the ecosystem (Shi et al. 2015). Thus,
the use of auto-aggregating bacteria offers a promis-
ing approach for simultaneously improving contami-
nant removal and maintaining a balanced and resilient
microbial community.

Environmental factors such as nutrient availabil-
ity, temperature, pH, salinity, and dissolved oxygen
(DO) also influence microbial aggregation, commu-
nity composition, and bioaugmentation outcomes.
Microenvironmental conditions within microbial
aggregates and biofilms, such as oxygen gradients,
oxidation-reduction potential (ORP), and substrate
diffusion, affect microbial activity and interactions.
Microelectrode studies by Shao et al. (2022) revealed
that oxygen penetration into activated sludge flocs
varies with particle size and external DO concen-
tration, underscoring the importance of monitoring
and optimizing these parameters for bioaugmented
systems.

Recent advances in molecular tools, including
fluorescence labelling, omics, and high-throughput
sequencing, have improved the understanding of
microbial interactions and community dynamics in
bioaugmentation (Ma et al. 2022). These methods
enable detailed profiling of microbial populations,
gene transfer events, and functional shifts, providing
insights that can guide the selection and management
of inoculum to enhance treatment performance. A
thorough understanding of microbial interactions and
community dynamics is essential to optimize bioaug-
mentation strategies and achieve efficient pollutant
removal.

2.1.4 Reactor type and wastewater characteristics

The success of bioaugmentation is dependent on
compatibility between the microbial inoculum and
the operational environment, particularly the type
of bioreactor and the characteristics of the influent
wastewater (Herrero & Stuckey 2015). Reactor con-
figurations such as sequencing batch reactors (SBRs),
continuous stirred tank reactors (CSTRs), membrane
bioreactors (MBRs), and biofilm-based reactors dif-
fer in hydrodynamics, solids retention time, oxygen
transfer, and shear forces, all of which directly influ-
ence microbial attachment, survival, and functional
expression (Boavida-Dias et al. 2022; Khan et al.
2025; Y. Liu et al. 2025a, b; McAteer et al. 2020). For
example, SBRs and aerobic granular sludge systems

promote microbial aggregation due to their feast-fam-
ine cycles and selective pressure for settleable bio-
mass, favouring the retention of aggregating bacteria.
Meanwhile, reactors such as moving bed biofilm reac-
tors (MBBRs) and MBRs provide large surface areas
and stable hydraulic environments that support the
immobilization and persistence of inoculated strains
(Saini et al. 2023). A stable microbial community is
more likely to develop in immobilized biomass reac-
tors (Sipma et al. 2010). A study by Zhu et al. (2025)
compared the efficacy of SBR and CSTR in enrich-
ing complete ammonium-oxidising bacteria (comam-
mox) for nitrogen removal. Their results indicated
that the SBR, with fluctuating but generally higher
in-situ ammonium concentrations (1.0-6.0 g—N/mB),
favoured the proliferation of ammonia-oxidising bac-
teria (AOB). In contrast, comammox bacteria, which
have a highly oligotrophic lifestyle, thrived better in
the CSTR under relatively lower ammonium levels
(<2.0 g-N/m®). This study exemplifies how reactor
configuration and operational conditions influence
microbial community dynamics, a factor critical to
the success of bioaugmentation.

The composition of influent wastewater, such as
its carbon-to-nitrogen (C/N) ratio, nutrient load,
presence of inhibitory substances, and biodegrad-
able organic matter, governs the establishment and
activity of bioaugmented strains (Chen et al. 2022).
For instance, bioaugmentation outcomes differ sig-
nificantly between municipal and industrial waste-
waters due to variations in substrate complexity and
toxicity.

In summary, while conventional bioaugmenta-
tion methods that rely on freely suspended cells can
temporarily enhance the degradation of specific con-
taminants, their long-term effectiveness is frequently
limited. Free cells are vulnerable to operational
challenges such as poor retention within the reactor,
washout under low sludge retention times (Abeysin-
ghe et al. 2002), competition from established native
microbial populations, and predation by protozoa.
These factors collectively compromise the stability
and sustainability of bioaugmentation in large-scale
or continuous systems. Consequently, more robust
strategies are required to ensure sustained microbial
retention and functional stability, laying the founda-
tion for exploring cell immobilization techniques as a
promising alternative to overcome the inherent limi-
tations of free cell bioaugmentation.
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3 Towards robust bioaugmentation
3.1 Cell immobilization approaches

Ensuring the persistence of introduced strains is cru-
cial in bioaugmentation, cell immobilization meth-
ods have proven to be an efficient way to achieve this
goal. Cell immobilization refers to the confinement
of viable microbial cells within a specific area to
restrict their movement, while still maintaining their
biological activity for continuous and repeated use
(Martins et al. 2013). In many cases, microorganisms
are encouraged to attach to surfaces or natural carri-
ers, which are then introduced into the contaminated
medium. These microbes often form biofilms, struc-
tured microbial communities that develop on surfaces
exposed to water. Biofilms consist of living micro-
organisms embedded within a self-produced matrix
made up of organic polymers, such as polysaccha-
rides or alginate, along with adsorbed nutrients, min-
erals, and other substances (Nwankwegu & Onwosi
2017). Therefore, this matrix plays a crucial role in
maintaining the long-term viability and performance
of immobilized cells in bioaugmentation processes.

There are four main methods of cell immobiliza-
tion: physical adsorption, entrapment, encapsulation,
and cross-linking (or covalent bonding). Physical
adsorption is the most economical, while cross-link-
ing and covalent bonding are the most expensive
(Ogundolie et al. 2024). In physical adsorption, cells
attach to carriers through weak forces like hydrogen
bonding, dipole interactions, van der Waals forces,
or hydrophobic interactions. The type of interaction
depends on the properties of both the carrier and the
cells (Kumar et al. 2016). Overall, these weak interac-
tions govern the initial attachment behaviour of cells
to carrier surfaces.

The entrapment technique involves trapping micro-
bial cells inside a fibre or gel-like material such as
alginate, agar, collagen, or synthetic resins (Trelles
& Rivero 2013). This creates a protective barrier
around the cells, helping them stay alive and active
during storage and treatment. It also prevents cell
leakage, making it suitable for long-term wastewater
treatment, especially in harsh or toxic environments
(Najim et al. 2024). Encapsulation is a non-reversible
method of immobilization, similar to entrapment,
where cells or enzymes are enclosed inside a capsule
with a semi-permeable membrane. This membrane
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allows nutrients and substrates to pass through while
keeping the biocatalyst safely inside. The pore size of
the membrane affects how well substances can enter
and exit (Rathore et al. 2013; Rodrigues et al. 2020).
The cross-linking method involves forming strong
covalent bonds between cells and a solid surface
using a chemical binding agent (crosslinker). The sur-
face must first be chemically treated to allow bonding.
While this method works well for attaching enzymes,
it is rarely used for whole cells because the chemicals
used can be toxic and may damage the cells (Prabha-
kar et al. 2025). Consequently, chemical bonding has
limited applicability for whole-cell immobilization.

Chemical and physical immobilization techniques
offer a combination of benefits and limitations, each
of which affects their long-term effectiveness in bio-
augmentation. These techniques offer several advan-
tages, including enhanced biomass retention, pro-
tection from environmental stressors, and improved
operational stability. Additionally, they allow for
higher microbial concentrations, reuse of biomass,
and better resistance to toxic substances (Bouabidi
et al. 2019). Importantly, they help to mitigate one
of the most common causes of bioaugmentation fail-
ure, loss of introduced microorganisms due to wash-
out or protozoan predation (Maria Minera Porras
et al. 2025). Studies have reported such failures due
to inoculum instability in the absence of immobiliza-
tion (Boon et al. 2000; Chen et al. 2015; Chong et al.
1997; Dueholm et al. 2015; Fu et al. 2009; Park et al.
2008).While periodic dosing of microbial cultures is
often used to maintain performance, it significantly
increases operational costs. Immobilized cell tech-
nology thus provides a practical solution by enhanc-
ing microbial persistence and tolerance to fluctuating
environmental conditions (Ma et al. 2022). It shows
significant potential in treating complex wastewaters
containing metals, phenolic compounds, and other
refractory organic contaminants (Hou et al. 2024).
Thus, cell immobilization is not only beneficial for
improving microbial persistence but also crucial for
enabling effective treatment of challenging and com-
plex wastewater.

While chemical and physical immobilization
methods, particularly those relying on synthetic car-
riers or chemical crosslinkers, have proven effective
in enhancing microbial persistence, they have signifi-
cant limitations. Diffusional constraints, gradual loss
of microbial activity, potential toxicity from chemical
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crosslinkers, carrier degradation, and operational
complexity can reduce their long-term efficiency and
increase costs (Najim et al. 2024). Additionally, these
approaches often fail to fully exploit the inherent
capabilities of microbial communities, such as self-
aggregation and biofilm formation. Such limitations
highlight the need for more sustainable and biologi-
cally compatible strategies that can naturally retain
microorganisms, enhance their interactions with
native sludge communities, and improve overall bio-
augmentation stability.

These limitations have driven increasing interest
in more biologically compatible, carrier-free immo-
bilization systems that avoid the challenges associ-
ated with artificial matrices. Such approaches aim
to achieve microbial retention and stability through
natural mechanisms rather than relying on external
carriers.

3.2 Microbial aggregation strategies for enhancing
bioaugmentation performance

In this context, aggregating bacteria have emerged
as promising natural immobilizers, capable of form-
ing self-aggregates or flocs that serve as scaffolds for
introduced pollutant-degrading strains. These bac-
teria not only enhance microbial retention but also
support biofilm development and community stabil-
ity, effectively bridging the gap between conventional
immobilization techniques and biologically driven
wastewater treatment strategies.

While many pollutant-degrading bacterial strains
have limited capacity to form biofilms on carrier sur-
faces, certain bacteria can act as bridging organisms,
facilitating the integration of other microbes into bio-
films (Li et al. 2013). Some strains possess strong
biofilm-forming and coaggregation abilities, promot-
ing the development of stable, multi-species biofilms
that retain and support a diverse microbial commu-
nity (Rickard et al. 2002). Since the colonization and
persistence of inoculated microbes are critical for
successful bioaugmentation, leveraging natural coag-
gregation offers a simple, cost-effective alternative
to synthetic immobilization methods for stabilizing
functional bacteria in wastewater treatment systems.

Microbial aggregation exists along a continuum,
from flocs to biofilms and granules (Fig. 2). Both
biofilm and granule formation begin with initial bio-
aggregation that continues to grow until a threshold

size is reached. Once this point is surpassed, these
structures may disperse, releasing floccular bio-
mass and initiating a new cycle of aggregation.
These microbial aggregates are highly organized and
dynamic, capable of adapting to environmental condi-
tions. By engineering these structures, it is possible to
create specific microbial niches that support targeted
functions, offering a flexible and effective strategy
for bioaugmentation and wastewater treatment (Aqgeel
et al. 2019). Overall, this highlights microbial aggre-
gation as a dynamic process that can be strategically
harnessed to create more stable and efficient systems
for improving the stability and functionality of engi-
neered treatment processes.

As interest grows in harnessing these naturally
aggregating bacteria, understanding the underlying
mechanisms that drive their role as natural immobi-
lizers and microbial bridges becomes essential. These
mechanisms govern not only how bacteria self-aggre-
gate but also how they integrate other strains into
stable biofilms; directly influencing bioaugmentation
success.

3.2.1 Functional drivers of microbial aggregation
in bioaugmented wastewater systems

Understanding the functional drivers of microbial
aggregation is essential for elucidating the mecha-
nisms that enhance the success of bioaugmentation in
wastewater systems. Numerous aerobic and anaerobic
microorganisms exhibit aggregation in response to
environmental stressors, including limited oxygen or
nutrient availability, shifts in pH, changes in salinity
or temperature, and the presence of divalent cations
such as calcium and magnesium (Trunk et al. 2018).
In wastewater treatment systems, which often con-
tain complex nutrients, toxic chemical intermediates,
and high enzymatic demands, microbial aggregation
facilitates a division of labour among community
members. This enables distinct populations to carry
out specialized yet complementary metabolic func-
tions, thereby enhancing the overall functional effi-
ciency and resilience of the treatment process (Rod-
riguez-Conde et al. 2025). These processes highlight
microbial aggregation as a key functional mechanism
that strengthens community performance and directly
contributes to successful bioaugmentation.

However, Doloman and Sousa (2024) explained
that, while aggregation in microbial communities is
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Fig. 2 Schematic representation of aerobic granule formation,
illustrating the progressive transition from dispersed microbial
cells to mature aerobic granules under operational and hydro-

often attributed to metabolic interdependence, where
tightly associated populations rapidly exchange
essential metabolites, this is not the sole driver of
aggregation in wastewater systems. In environments
such as wastewater and activated sludge bioreactors,
certain microbial species primarily act as bridging
organisms, facilitating the co-aggregation of non-
aggregating bacteria without directly contributing to
metabolic activity. Similarly, Katharios-Lanwermeyer
et al. (2014) reported that microbes such as Sphin-
gomonas sp., Acinetobacter calcoaceticus, and Mic-
rococcus luteus were not directly involved in pollut-
ant degradation. In fact, their primary function was
bridging, i.e., co-aggregating to support the coex-
istence of non-aggregating bacteria within the bio-
film (Katharios-Lanwermeyer et al. 2014). Together,
these findings demonstrate that microbial aggregation
in wastewater systems can be structurally driven by
bridging organisms, independent of direct metabolic
contributions.

Other representative genera include Fusobacte-
rium, Blastomonas and Methylobacterium (Rickard
et al. 2002). These bridging species often exhibit
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cell surface properties conducive to adhesion, such
as high hydrophobicity and slightly negative surface
charge, which may promote electrostatic interactions
with positively charged microbial partners (Malik
et al. 2003). Overall, these surface characteristics ena-
ble bridging species to play a key structural role in
microbial co-aggregation.

3.2.2 Mechanistic insights into aggregating
bacteria-mediated immobilization

A central mechanism underpinning aggregating
bacteria-mediated immobilization is their ability to
function as bridging organisms that physically inte-
grate pollutant-degrading bacteria into developing or
established biofilms through coaggregation. Across
wastewater treatment studies (Cheng et al. 2014),
aggregating bacteria consistently exhibit broad-
spectrum coaggregation capacity, enabling interac-
tions with phylogenetically and functionally diverse
partners, including strains with limited intrinsic
biofilm-forming ability. Rather than relying solely
on the attachment capacity of individual degraders,
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this mechanism embeds functional strains within a
shared extracellular matrix, thereby enhancing bio-
mass retention, spatial stability, and sustained access
to nutrients and electron donors.

At the community level, microbial aggregation is
accompanied by coordinated transcriptional and regu-
latory responses that distinguish aggregated consor-
tia from planktonic populations. Comparative gene
expression analyses have demonstrated that aggre-
gated cells exhibit elevated expression of signal trans-
duction pathways and genes associated with extra-
cellular matrix synthesis relative to dispersed cells
(Doloman & Sousa 2024). Across systems ranging
from activated sludge flocs to engineered biofilms,
these transcriptional shifts consistently distinguish
aggregated consortia from planktonic populations,
indicating a conserved regulatory response to spatial
organization.

Further, these transcriptional shifts promote the
production of EPS, surface-associated proteins, and
adhesion factors that collectively strengthen intercel-
lular cohesion and enhance the mechanical stabil-
ity of microbial aggregates. As a result, aggregating
bacteria act as natural immobilizers, stabilising func-
tional degraders through EPS production, cell-surface
adhesins, and hydrophobic interactions rather than
through artificial carrier materials.

Consequently, these transcriptional shifts are
not isolated responses but are commonly regulated
through quorum-sensing (QS) networks that synchro-
nise collective behaviours across mixed communities
(Fu et al. 2025). Quorum sensing has emerged as a
key regulatory mechanism coordinating aggrega-
tion and stabilisation within naturally immobilised
consortia. In wastewater treatment systems, multi-
ple QS signalling molecules often coexist, forming
interconnected regulatory networks that synchronise
collective microbial behaviours (Hu et al. 2020).
These include N-acyl homoserine lactones (AHLs)
in Gram-negative bacteria, peptide-based QS systems
in Gram-positive taxa, diffusion signalling factors
(DSFs), and the interspecies autoinducer-2 (AI-2).
Despite differences in signalling chemistry and taxo-
nomic distribution, these QS systems converge on a
common functional outcome: the coordinated rein-
forcement of aggregation, EPS production, and inter-
species cohesion. QS-deficient strains consistently
exhibit impaired aggregation and reduced biofilm
formation capacity, underscoring the central role of

QS-mediated coordination in stabilising immobilised
microbial communities (Markowska et al. 2024).
Overall, quorum sensing acts as an integrative regu-
latory framework that ensures cohesive and stable
aggregation across complex microbial consortia.

Importantly, QS operates in concert with intracel-
lular secondary messengers, particularly cyclic di-
guanosine monophosphate (c-di-GMP), to regulate
the transition from reversible attachment to irrevers-
ible adhesion. Elevated intracellular c-di-GMP levels
suppress motility while enhancing EPS secretion and
cell-surface adhesion, thereby promoting the forma-
tion of dense, mechanically stable aggregates (Liu
et al. 2020; Wang et al. 2025). Evidence from waste-
water biofilms indicates that QS signalling and c-di-
GMP regulation form a conserved regulatory axis
controlling aggregation, EPS synthesis, and long-
term biomass retention (Bao et al. 2025). Through
this coordinated regulation, aggregating bacteria
facilitate the effective incorporation of functional
degraders into stable microbial architectures capable
of withstanding hydraulic and ecological stresses.

At the molecular scale, aggregation-mediated
immobilization arises from a combination of extra-
cellular matrix production and highly specific surface
interactions. While polysaccharide-rich EPS and pro-
tein adhesins have traditionally been viewed as the
dominant drivers of microbial aggregation, increas-
ing evidence suggests a more diverse repertoire of
structural components. Proteinaceous adhesins, often
localised on fimbriae or distributed along the cell
envelope, mediate highly specific adhesin-receptor
interactions between neighbouring cells, frequently
involving complementary saccharide moieties. These
interactions enable selective yet stable interspecies
aggregation, supporting the persistence of geneti-
cally distinct bacteria within shared biofilm structures
(Doloman & Sousa 2024; Stevens et al. 2015). How-
ever, despite their recognised importance, detailed
molecular characterisation of adhesin-mediated inter-
actions in environmental aggregates remains limited,
highlighting a key knowledge gap in understanding
aggregation-driven immobilization in engineered
systems (Afonso et al. 2021). Addressing this gap
is essential for rationally designing and optimising
aggregation-based immobilization strategies.

Beyond conventional EPS and adhesin medi-
ated immobilization mechanisms, as extensively
documented in previous studies (Hasan et al. 2024;
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Ibrahim et al. 2022; Karygianni et al. 2020; Kim
et al. 2020; Li et al. 2024),recent research has iden-
tified unconventional matrix components that con-
tribute to immobilization. S-layer protein-mediated
structuring, as reported by Wong et al. (2023) in
anammox biofilms, illustrates how these proteins
function as structural scaffolds distributed across
cell surfaces and the extracellular matrix to facili-
tate interspecies immobilization within complex
microbial networks. This dual localisation demon-
strates how specific structural proteins can simul-
taneously act as cell-surface adhesins and matrix-
embedded scaffolds. Collectively, these findings
challenge EPS-centric models of aggregation and
indicate that immobilised consortia rely on mul-
tiple, partially redundant structural mechanisms
whose relative importance may shift depending
on community composition and environmental
conditions.

As a functional consequence of the regula-
tory and structural mechanisms described above,
aggregation-related features enable tight cell-to-cell
adhesion and the formation of cohesive microbial
clusters on surfaces or in suspension. Coaggrega-
tion, auto-aggregation, and interspecies adherence
among genetically distinct bacteria therefore rep-
resent key emergent properties of aggregating con-
sortia and are critical for the development of stable,
multi-species biofilms. By embedding pollutant-
degrading strains within a shared extracellular
matrix, these interactions enhance biomass reten-
tion, promote metabolic cooperation, and improve
pollutant removal efficiency and overall system
robustness.

Comparative investigations of coaggregation
dynamics indicate that aggregation behaviour is both
species-specific and temporally regulated, reflect-
ing differences in cell-surface chemistry, regulatory
responses, and growth kinetics. Time-dependent
aggregation patterns, as reported by Ramalingam
et al. (2013) in drinking water-derived bacterial iso-
lates, demonstrate that minimal initial auto- or coag-
gregation can evolve into pronounced aggregation
over time, with Methylobacterium exhibiting the
highest aggregation potential after 72 h. Moreover,
the formation of dual-species consortia consistently
resulted in more robust biofilms than corresponding
monocultures, illustrating how synergistic interspe-
cies interactions rather than the aggregation capacity

@ Springer

of individual strains alone, govern biofilm stability
and persistence in engineered systems.

These general principles are further illustrated
in pollutant-specific bioaugmentation contexts. In
p-nitrophenol (PNP) degradation systems, Yue et al.
(2018) demonstrated that co-aggregating support
strains (Bacillus megaterium T1 and Bacillus cereus
G5) establish highly specific molecular interactions
with the PNP degrader Methylobacterium sp. Cl.
These interactions, mediated by protein—sugar recog-
nition involving cell-surface adhesins and lipoteichoic
acids, promote rapid coaggregation and early-stage
biofilm nucleation. Once co-aggregated, the result-
ing consortia facilitate early biofilm development,
enhance the retention of functional degraders, and
stabilise EPS-rich matrices that provide both struc-
tural support and chemical protection by adsorbing
toxic compounds and buffering environmental stress.

Critically, the functional benefits of coaggregation
extend beyond physical immobilization. In sequenc-
ing batch reactors, PNP removal efficiencies increased
from approximately 80% in monoculture systems con-
taining Methylobacterium sp. C1 alone to over 99%
following the introduction of co-aggregating Bacil-
lus strains, demonstrating that aggregation-driven
immobilization substantially enhances biodegrada-
tion performance (Yue et al. 2018). High-throughput
sequencing further revealed that these co-aggregated
biofilms exhibited increased community diversity and
functional redundancy, promoting metabolic coop-
eration and long-term stability. Collectively, these
findings demonstrate that aggregating bacteria func-
tion as both structural and functional anchors within
bioaugmented consortia, replacing artificial carriers
by forming biologically driven immobilization matri-
ces that enhance degrader persistence, resilience, and
treatment efficiency.

Through this naturally mediated immobilization
process, aggregating bacteria overcome the wash-
out problem often observed with free cell bioaug-
mentation and reduce reliance on synthetic carriers.
The outcome is a more resilient and self-organizing
microbial community, capable of withstanding fluc-
tuations in environmental and operational conditions
while maintaining high pollutant removal efficiency
(Fig. 3).

These findings reinforce the potential of leverag-
ing coaggregation to promote robust, multi-species
biofilms in bioaugmentation strategies. As previously
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Fig. 3 Comparison of bioaugmentation approaches: a Free-cell bioaugmentation and cell washout, b Aggregating bacteria-mediated

immobilization

discussed for Methylobacterium sp. C1 and its coag-
gregation with Bacillus strains (Yue et al. 2018),
Table 1 further summarises other key studies that
demonstrate the enhancement of pollutant removal
through the use of aggregating bacteria in wastewater
treatment systems, providing a comparative overview
of bioaugmentation strategies incorporating degrad-
ers, enriched biofilms, and aggregating bacteria to
improve the removal of emerging and conventional
pollutants. In most cases, functional pollutant-degrad-
ing bacteria alone achieved moderate removal effi-
ciencies, which were significantly improved when co-
cultured with aggregating bacteria. For example, iron
and manganese-oxidising strains (Acinetobacter sp.,
B. megaterium, and Sphingobacterium sp.) achieved
68-78% removal, and when paired with the aggre-
gator Bacillus mojavensis M1, removal efficiencies
exceeded 99% in lab-scale biofilters (Li et al. 2016).
Enhanced degradation kinetics were also observed in
phenol-degrading systems: the degrader Propionif-
erax-like PG-02 achieved complete phenol removal
in 53 h, whereas co-culturing with the aggregator

Comamonas sp. PG-08 accelerated removal to 29 h
(Jiang et al. 2006). Improved resilience under shock-
loading conditions was reported by (Cheng et al.
2015), where the degrader Comamonas testosterone
A3 removed 70-72% of 3,5-dinitrobenzoic acid, but
removal increased to 84% upon addition of the aggre-
gator B. cereus G5 in a lab-scale SBR. For other
xenobiotics, the degrader Rhodococcus rhodochrous
BX2 removed only 27% of acetonitrile, whereas coag-
gregation with Bacillus spp. (E2, E3, N4) increased
removal to 64-72% (Li et al. 2013). Likewise, the
degraders Acinetobacter BCall and Stenotropho-
monas BCal2 removed only 7.9-25.4% of polyethox-
ylated nonylphenol, but removal increased to 42.3%
when paired with the aggregator Bacillus VA160 (Di
Gioia et al. 2004). A similar trend was observed in
constructed wetland biofilms, where Iasur-Kruh et al.
(2011) showed that augmenting wetland biofilms
with estrogen-degrading Novosphingobium JEM-1
led to complete removal of endocrine-disrupting
chemicals (EDCs) within three days and significantly
enhanced estrogen removal rates, demonstrating the
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compatibility of aggregating degraders with natural
biofilm communities.

More recently, Li et al. (2025) provided new
insight into the role of sludge-derived biofilms in
micropollutant removal under carbon-amended condi-
tions. Their study identified several pollutant-degrad-
ing taxa; Sphingomonas, Zoogloea, Labrys, Kaistia,
Asprobacter, and unclassified members of Cyclobac-
teriaceae (ELB16-189) and Bryobacteraceae (Fen-
178), that became enriched within biofilms grown
on biocarriers exposed to a mixture of pesticides
(DEET, amino triazole, atrazine), antibiotics (sul-
famethoxazole, trimethoprim), and pharmaceuticals
(carbamazepine, lidocaine). While non-acclimated
biofilms showed minimal removal without supple-
mentary carbon, acclimated communities achieved
above 50% removal of DEET and sulfamethoxazole,
and measurable (though slow) weekly degradation
rates for amino triazole, lidocaine, trimethoprim, and
atrazine. Carbon supplementation facilitated both
biomass development and pollutant-specific enrich-
ment, supporting the activation of metabolic path-
ways associated with these taxa. However, the authors
noted that the functional roles of individual degrad-
ers remained partly unresolved due to complex inter-
species interactions within the biofilms, and that slow
biofilm growth and batch-mode limitations may have
underestimated true removal potential compared to
continuous systems.

Besides these studies, the application of bacteria
exhibiting broad-spectrum coaggregation capabilities
in bioaugmentation systems remains relatively under-
explored. Thus, further study is needed to understand
the relationship between these functional and aggre-
gating bacteria in bioaugmentation applications.

The coaggregation ability of certain bacteria plays
a mechanistic role in immobilization by enabling
physical bridging between species, promoting the for-
mation of multispecies cell aggregates, and support-
ing structured biofilm development that enhances pol-
lutant degradation. Cheng et al. (2014) demonstrated
that Bacillus cereus G5 and Bacillus megaterium T1
possess broad-spectrum coaggregation capabilities,
forming stable aggregates with 90.5% and 76.2% of
the tested strains, respectively. Such high compatibil-
ity indicates that these Bacillus strains act as biologi-
cal “bridging organisms,” providing adhesive inter-
faces that integrate diverse bacteria into early-stage
aggregates. Microscopy analyses further showed that
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B. cereus G5 and the 3,5-dinitrobenzoic acid-degrad-
ing strain Comamonas testosterone A3 formed a well-
organized dual-species biofilm, demonstrating how
coaggregation-driven adhesion translates directly
into structured immobilization frameworks. These
mechanistic interactions highlight that coaggregation
is not merely an ecological trait but a functional pro-
cess that anchors degraders within a biofilm matrix,
thereby enhancing their persistence and degradation
efficiency. Although the application of this directly in
wastewater treatment has not been reported, it clearly
shows that aggregating bacteria can mediate the inte-
gration of exogenous degrading bacteria into biofilms
and contribute to bioaugmentation treatment. Achiev-
ing better colonization involves ensuring that bioaug-
mented bacteria can efficiently aggregate and form
robust biofilms under various environmental condi-
tions. This is particularly important for overcoming
challenges such as slow microbial colonization at
low temperatures, which can hinder the start-up and
overall efficiency of treatment processes (Li et al.
2022a, b). Overall, these findings demonstrate that
coaggregation-driven immobilization is a key mech-
anism enabling effective integration, retention, and
functional stability of exogenous degraders within
biofilms, highlighting its potential to enhance bioaug-
mentation performance under diverse environmental
conditions.

3.2.3 Synthetic biology strategies to stabilize
co-cultures of aggregating bacteria
and pollutant degraders

While naturally occurring aggregating-degrading
bacterial partnerships can enhance the stability and
retention of functional degraders in wastewater sys-
tems, their performance often depends on the com-
patibility of microbial traits and environmental con-
ditions. Although certain aggregating strains selected
primarily for their bridging or structural properties
may not be highly specialized degraders, aggregat-
ing bacteria as a broader group make important con-
tributions to biodegradation through direct metabolic
activity and by stabilizing syntrophic microbial net-
works. In contrast, degrading bacteria remove nutri-
ents or degrade pollutants but are prone to detach-
ment or being washed out. However, if there is no
strong mutual benefit, the degrading bacteria may
not stay in the aggregates for long. Synthetic biology
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offers a means to rationally design and optimize such
consortia, enabling predictable and robust formation
of biofilms or granules that integrate structural stabil-
ity with high degradation capacity.

Drawing on principles from syntrophic interac-
tions, co-cultures can be engineered Rodriguez-
Conde et al. (2025) explained, engineered metabolic
interactions have been successfully applied in the
production of biopolymers, natural products, and bio-
fuels through co-cultures so far. While studies (Ange-
les-de Paz et al., 2023; Shan et al. 2023) on engi-
neering syntrophic co-cultures involving aggregating
bacteria and specialized pollutant degraders in waste-
water treatment bioaugmentation remain limited,
emerging research (Brettfeld et al. 2023; Saini et al.
2023; Yang et al. 2025) indicate that such synergistic
microbial interactions, particularly those facilitating
biofilm and granule formation, hold significant prom-
ise for improving microbial community stability and
enhancing contaminant removal efficiency.

When designing such systems, a key principle is to
first ensure coexistence under shared environmental
conditions before introducing engineered communi-
cation modules (Jia et al. 2016). In the case of aggre-
gating-degrading pairs, this means confirming that
both partners can co-aggregate and persist in reactor
conditions, and only then incorporating communica-
tion circuits to strengthen cooperation. QS systems
can connect the process by which aggregating bac-
teria produce EPS with the process where degrading
bacteria turn on their catabolic genes. For example,
aggregating bacteria-derived QS signals could acti-
vate pollutant degradation pathways in functional
degrading bacteria, while degrading bacteria-derived
signals stimulate EPS synthesis in aggregating bacte-
ria (Fig. 4). Bidirectional interactions can be ration-
ally engineered by combining pairs of unidirectional
regulatory elements, a strategy that has been suc-
cessfully applied in synthetic microbial consortia to
promote cooperation and stabilize community func-
tion (Deter & Lu 2022). This design principle sup-
ports the feasibility of the reciprocal signalling circuit
proposed in our study. A similar design principle has
been demonstrated by (Alnahhas et al. 2020), who
constructed a bidirectional co-repressive quorum-
sensing consortium in which each strain modulates
gene expression in the partner strain. This provides
strong precedent for the feasibility of our proposed
reciprocal signalling circuit, in which aggregating and

degrading bacteria exchange QS molecules to activate
EPS production and pollutant degradation.

In this context, understanding the natural QS
mechanisms that regulate aggregation is critical
for designing robust co-cultures. In major aggre-
gating species such as Bacillus megaterium, Pseu-
domonas aeruginosa, Burkholderia thailandensis,
and Bradyrhizobium sp., specific QS genes (e.g.,
LuxS, lasl/lasR, rhll/rhiR, Btall/BtaRl) have been
shown to regulate EPS production and microbial
aggregation (Maddela et al. 2019). For instance, in
Burkholderia thailandensis, the QS gene pair Btall/
BtaR]1 controls the production of the acyl-HSL sig-
nal C8-HSL and is essential for self-aggregation in
minimal medium (Chandler et al. 2009). Similarly, in
Gram-positive aggregating bacteria such as Bacillus
sp., the ComQXPA quorum-sensing system regulates
expression of EPS and matrix genes (epsA-O, tasA)
that drive cell aggregation (Comella & Grossman
2005). Leveraging these QS-regulated pathways in
synthetic co-cultures offers a promising strategy to
enhance EPS secretion, promote stable cell aggre-
gation, and facilitate biofilm or granule formation,
thereby improving the structural stability and reten-
tion of pollutant-degrading bacteria in wastewater
treatment systems.

In summary, synthetic biology provides a powerful
framework for integrating natural aggregation mecha-
nisms with engineered quorum-sensing circuits to
stabilize degrader-aggregator co-cultures, strengthen
biofilm or granule formation, and ultimately enhance
the reliability and efficiency of bioaugmentation in
wastewater treatment systems.

4 Sources and application of aggregating bacteria
for immobilization-based bioaugmentation

4.1 Sources of aggregating bacteria for
bioaugmentation

Aggregating bacteria can be sourced from a vari-
ety of natural and engineered environments where
microbial communities exhibit strong self-aggrega-
tion, coaggregation, or biofilm-forming capabilities.
These sources are valuable for identifying strains that
enhance immobilization in bioaugmentation applica-
tions without relying on synthetic carriers. Common
environments include municipal sewage, activated
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Fig. 4 Conceptual synthetic quorum-sensing circuit engi-
neered to stabilize co-cultures of aggregating bacteria and
pollutant degraders. (A) Schematic overview of the proposed
bidirectional signalling between aggregating bacteria and
pollutant-degrading bacteria. QS signals produced by the
aggregating strain activate pollutant degradation pathways in
the degrader, while feedback QS signals from the degrader
stimulate EPS production, (B) Conceptual detailed genetic
circuit diagram of the two-strain communication system. In

sludge, biofilm reactors, natural aquatic sediments,
soils, and composted organic matter (Cheng et al.
2014). Further, aerobic granular sludge (AGS) is a
particularly valuable source of aggregating bacte-
ria, as aerobic granules are natural, complex, self-
assembled microbial aggregates characterized by
EPS production and tight cell-to-cell adhesion. Wan
et al. (2023) demonstrated that aerobic granules have
a spatially ordered microbial colonization, consisting
of outer, middle, and inner layers, each with distinct
microbial populations performing specific functional
roles. Notably, microorganisms in the inner layer
exhibited significantly stronger adhesion proper-
ties, suggesting that bacteria residing in this zone
are likely the initiators of microbial aggregation, an
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aggregating strain, an engineered S2-responsive receptor acti-
vates promoter P1 to drive luxI-mediated synthesis of the QS
signal S1, and simultaneously activates promoter P3 to induce
the EPS biosynthesis operon. Signal S1 diffuses to degrading
strain, where it binds the S1 receptor and activates promoter
P2, inducing expression of the catabolic operon responsible
for pollutant degradation. Degradation activity produces the
feedback signal S2, which returns to the aggregating strain and
reinforces both S1 production and EPS synthesis

essential trait for successful bioaugmentation. This
was supported by the higher abundance of pili genes
in inner-layer microbes, which contribute to superior
attachment capabilities critical for stable coloniza-
tion and biofilm formation in carrier-free bioaug-
mentation systems (Wan et al. 2023). Collectively,
these findings highlight aerobic granular sludge and
similar environments as strategic reservoirs of aggre-
gation-competent bacteria for effective carrier-free
bioaugmentation.

Further supporting this, Li et al. (2022a, b) dem-
onstrated that microbes from the inner core (IC)
of aerobic granules exhibited higher aggregation
and adhesion capabilities under famine conditions
(substrate-limited phase) compared to those from
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the outer layer (OL). Specifically, under feast con-
ditions (substrate-rich phase), inner-layer microbes
showed 30.04 +0.06% aggregation, which decreased
to 18.97+0.59% under famine stress, while outer-
layer microbes aggregated at 23.47+1.12% and
20.95+1.03%, respectively. These results indicate
that IC microbes are better suited for initiating and
stabilizing granulation during the start-up phase,
reinforcing the potential of inner-layer bacteria from
aerobic granules as robust candidates for bioaugmen-
tation strategies focused on immobilization.

Although aerobic granules provide an excellent
source of aggregating bacteria, a key limitation is
the relatively long start-up time typically required for
their formation. However, Liu and Tay (2015) dem-
onstrated that by applying strong hydraulic selection
pressure (HSP) and overstressed organic loading rates
(OLR), aerobic granules could form within 24 h. They
further recommended optimizing OLR and aeration
rates to ensure long-term granule stability. While the
key microbial players involved in this rapid granula-
tion remain unidentified, this finding highlights the
possibility of accelerating granule formation, thereby
enhancing the practicality of using aerobic granular
sludge as a source for isolating aggregating strains for
immobilization-based bioaugmentation.

4.2 Application of aggregating bacteria isolated
from aerobic granules for immobilization-based
bioaugmentation

Aerobic granular sludge technology, in addition to
not requiring a carrier, is a continuation of the bio-
film technology (Li et al. 2022a, b). There are few
studies (Adav & Lee 2008; Jiang et al. 2006; Wan
et al. 2014) available on the screening of aggregating
bacteria from aerobic granules and utilizing them in
bioaugmentation for wastewater treatment with func-
tional bacteria. Jiang et al. (2006) isolated two bacte-
rial strains with co-aggregation characteristics, Propi-
oniferax-like PG-02 and Comamonas sp. PG-08, for
use in bioaugmentation targeting phenol degradation.
Importantly, each isolate exhibited only one of the
two desirable traits: PG-02 possessed strong degrad-
ing ability, whereas PG-08 demonstrated strong
aggregating ability but limited degradation perfor-
mance. When co-cultured, the consortium degraded
phenol more rapidly than either strain alone, provid-
ing early mechanistic evidence of a division-of-labour

strategy in AGS systems, where aggregators sup-
ply structural anchoring while degraders perform
metabolic transformations, as outlined in Sect. 3.1.1.
Quantitatively, PG-02 (the degrading strain) removed
phenol at 2.94 mg/h, while PG-08 (the aggregat-
ing strain) showed a much lower rate of 0.95 mg/h.
In contrast, the co-culture exhibited a markedly
enhanced removal rate of 6.30 mg/h, completely
degrading 250 mg/L of phenol in a significantly
shorter time. Wan et al. (2014) isolated an aerobic
granular sludge (AGS)—derived aggregating con-
sortium comprising four bacterial strains with high
aggregating ability (Pseudomonas putida X-1, Aci-
netobacter sp. X-2, Alcaligenes sp. X-3, and Coma-
monas testosteroni X-4). They further monitored their
granulation process in shaken reactors and reported
in the later stage of the process, elevated intracellular
levels of c-di-GMP accelerated flagellum synthesis
while inhibiting bacterial swarming motility, thereby
promoting the formation of large aerobic granules.
Their results linked aggregation behaviour to intra-
cellular signalling that provides a direct mechanistic
connection between cellular regulatory pathways and
aggregation-driven immobilization.

Similarly, Adav and Lee (2008) studied aerobic
phenol-degrading granules and isolated three strains
(Bacillus thuringiensis 12, Acinetobacter calcoace-
ticus 16, and Acinetobacter sp. 18) with high aggre-
gation ability (auto-aggregation between 40-60%).
Their phenol-degrading capacities varied, with spe-
cific degradation rates of 0.29, 0.44 and 0.31 mg phe-
nol/mg cell dry weight / h for 12, 16 and IS8, respec-
tively. When co-cultured, 12 and 16 degraded an
initial phenol concentration of 500 mg/L. more rap-
idly as a consortium, achieving complete removal
within 24-26 h, compared with 28-30 h for the indi-
vidual strains, along with higher biomass production.
These findings reinforce that AGS harbours bacteria
with intrinsic surface adhesion properties conducive
to forming dense, immobilized cell clusters (Adav
& Lee 2008). Overall, this example illustrates how
aggregation-competent strains from AGS can be
effectively exploited for carrier-free bioaugmentation
applications.

However, there are limited studies on bioaugmen-
tation applications using the aggregating bacteria iso-
lated from aerobic granules with specific functional
pollutant-degrading bacteria. This gap highlights the
need for further research to explore how aggregating
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bacteria from aerobic granules can be effectively lev-
eraged to enhance immobilization-based bioaugmen-
tation strategies for targeted pollutant removal.

4.3 Role of aggregating bacteria and immobilization
in treating emerging pollutants in wastewater

Emerging pollutants (EPs), also referred to as con-
taminants of emerging concern (CECs), comprise
a chemically diverse group of compounds including
pharmaceuticals, personal care products, pesticides,
endocrine-disrupting chemicals, industrial addi-
tives, and certain inorganic contaminants such as
heavy metals and nanomaterials that are increasingly
detected in wastewater at trace to moderate concentra-
tions (Kanadasan et al. 2025). A unifying challenge
across these compounds is their environmental per-
sistence, bioaccumulation potential, and poor removal
efficiency in conventional biological wastewater treat-
ment systems. Their complex molecular structures
and inherent toxicity frequently impose stress on free-
living microbial cells, resulting in reduced degrada-
tion rates, instability of bioaugmentation cultures, and
increased susceptibility to washout under continuous-
flow conditions (Melo et al. 2022; Saeed et al. 2022).
Taken together, these characteristics render EPs par-
ticularly challenging targets for effective and sustain-
able biological treatment.

Across diverse studies (Najim et al. 2024; Tor-
resi et al. 2017; Wang et al. 2018), immobilized and
aggregation-based microbial systems have consist-
ently demonstrated better performance compared to
free-cell systems for the removal of CECs, including
antibiotics, pesticides, endocrine disruptors, and other
synthetic organic compounds. Rather than being
attributable to a single mechanism, this enhanced per-
formance emerges from the combined structural and
functional properties of biofilms, aerobic granules,
and other aggregated consortia. These systems pro-
vide a protective extracellular matrix, promote bio-
mass retention, and create physicochemical microen-
vironments that mitigate toxic stress while facilitating
pollutant capture and transformation.

Aggregation-driven immobilization has impor-
tant implications for emerging pollutants, wherein
EPS mediate interactions between contaminants
and aggregated biomass. Protein-rich EPS fractions
have been identified as key mechanisms govern-
ing the retention and partitioning of pharmaceutical
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compounds within the biofilm matrix (Wang et al.
2018). Study (Wang et al. 2018) on antibiotic trans-
port and fate in MBBR systems demonstrate that
EPS-dominated biofilms can retain structurally
diverse antibiotics, with adsorption accounting for
14.5%, 88.2%, and 13.1% of the total concentra-
tions of sulfamethizole, tetracycline, and norfloxacin,
respectively, during biodegradation. In addition, EPS-
mediated antibiotic retention, as reported by Wang
et al. (2018), illustrates how aggregation prolongs
pollutant residence time within biologically active
microenvironments, thereby reducing acute toxicity
to microbial communities and enhancing the proba-
bility of subsequent enzymatic transformation. Taken
together, these findings highlight the broader role of
EPS-mediated retention in explaining the superior
performance of biofilms, aerobic granules, and other
aggregated biomasses relative to suspended cultures.

Beyond chemical affinity, the physical architecture
of aggregated biomass plays a decisive role in govern-
ing pollutant transport and bioavailability. Compara-
tive studies of micropollutant sorption and diffusion
in MBBRs have demonstrated that biofilm thickness,
porosity, and charge characteristics strongly influ-
ence solid-liquid partitioning behaviour (Torresi
et al. 2017). Positively charged compounds exhibit
preferential sorption through electrostatic interac-
tions with EPS and biofilm solids, while thicker and
more porous biofilms facilitate enhanced diffusion
and pollutant penetration. These findings collectively
indicate that aggregation not only enhances pollutant
retention but also modulates mass transfer processes
in ways that can either limit or promote biodegrada-
tion depending on biofilm structure.

In addition to sorption and transport effects,
EPS-rich aggregates confer significant physiologi-
cal protection to microbial communities exposed to
toxic emerging pollutants. EPS matrices contain a
wide array of reactive functional groups, including
hydroxyl, carboxyl, sulthydryl, and phosphate-amine
moieties, which can interact with diverse classes of
micropollutants (Melo et al. 2022). These interac-
tions buffer microbial cells from oxidative stress and
chemical toxicity, enabling both indigenous and bio-
augmented degraders to maintain metabolic activity
under conditions that would otherwise inhibit free-
living cells. As a result, aggregation-mediated immo-
bilization enhances not only pollutant capture but also
microbial resilience and process stability.
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The advantages of aggregation-driven immobi-
lization extend beyond organic micropollutants to
include inorganic contaminants such as heavy met-
als. In biofilm-based systems, EPS-mediated biosorp-
tion, complexation, and biomineralization collectively
underpin metal sequestration while enabling aggre-
gated, metal-tolerant microbial communities to main-
tain high removal efficiencies under elevated metal
loads (Jeong et al. 2019; Kondakindi et al. 2024). In
addition, this synergy was exemplified by Jeong et al.
(2019) using the biofilm-forming Methylobacterium
hispanicum EM?2 strain, demonstrating how EPS-
mediated Pb(II) removal facilitates multilayer adsorp-
tion and enhanced microbial tolerance under high
contaminant stress. Overall, these interconnected
mechanisms highlight the effectiveness of aggrega-
tion-driven immobilization for stabilizing biological
metal removal processes.

Collectively, evidence across organic and inor-
ganic emerging pollutants indicates that aggregation-
driven immobilization enhances treatment perfor-
mance through the integration of sorption, diffusion
control, and microbial stress mitigation. Rather than
functioning solely as passive biomass retention struc-
tures, EPS-rich aggregates actively shape pollutant
bioavailability and microbial resilience, providing a
strong mechanistic foundation for the development
of robust bioaugmentation strategies targeting chemi-
cally complex wastewaters.

5 Research needs and future directions

The integration of aggregating bacteria into bioaug-
mentation processes represents a significant advance-
ment in addressing the limitations of conventional
approaches, particularly in enhancing the retention,
activity, and synergistic interaction of functional
microorganisms in wastewater treatment systems.
These bacteria act as natural scaffolds, promoting co-
aggregation and biofilm formation, thereby improving
the stability and resilience of microbial communities
under dynamic operational conditions.

Despite encouraging progress, several knowledge
gaps and technical challenges remain. The mecha-
nisms governing microbial aggregation, compat-
ibility between aggregators and functional strains,
and the influence of reactor type and wastewater
composition on co-aggregation efficiency require

further investigation. Screening of bacteria with coag-
gregation ability and exploration of such microbial
resources may have significant potential in bioaug-
mentation treatment (Cheng et al. 2014), and as high-
lighted in this review, aerobic granules have emerged
as a promising source of such microbial resources.
Moreover, there is a pressing need for the develop-
ment of standard protocols for screening, isolating,
and characterizing aggregating bacteria with desir-
able traits for bioaugmentation. Furthermore, the
design and optimised operation of bioreactor systems
constitute a critical determinant of the efficacy of bio-
augmentation treatments.

Future research is recommended to emphasize
multi-omics and imaging-based tools to better under-
stand microbial dynamics, as well as pilot-scale stud-
ies to evaluate performance in real wastewater matri-
ces. Importantly, the concept of “bridging bacteria”
opens new avenues for designing synthetic consortia
tailored to specific treatment goals, such as nutrient
removal, micropollutant degradation, or granule for-
mation. Exploring the potential to apply this strategy
in low-cost, non-reactor-dependent systems could be
particularly valuable for resource-constrained set-
tings, though further validation is needed. Harnessing
the full potential of aggregating bacteria will require
interdisciplinary collaboration, combining microbiol-
ogy, environmental engineering, and systems biology
to translate laboratory insights into scalable, sustain-
able wastewater solutions.

6 Conclusions

This review has examined bioaugmentation in
wastewater treatment, covering both conventional
approaches and innovative strategies using microbial
immobilization and natural aggregation. Aggregat-
ing bacteria enhance the structural and functional
integrity of microbial communities by forming stable
biofilms and co-aggregating with pollutant-degrading
strains, supporting sustained activity, improved con-
taminant removal, and operational robustness. Aero-
bic granules provide a valuable source of these bac-
teria, facilitating biofilm formation and functional
synergy. Building on these insights, a structured
framework is proposed to guide future bioaugmenta-
tion design, integrating robust selection of aggregat-
ing and functional bacteria, optimization of microbial
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interactions, and tailoring of reactor conditions to
support stable biofilms and granules. By emphasiz-
ing iterative testing and performance monitoring, this
approach can translate laboratory successes into scal-
able, sustainable wastewater treatment strategies.

Despite progress, challenges remain in understand-
ing microbial interactions, optimizing immobiliza-
tion, and scaling up to full-scale systems. Address-
ing these gaps is crucial for advancing resilient and
efficient bioaugmentation systems capable of meeting
diverse wastewater treatment demands and contribut-
ing to sustainability goals.

Acknowledgements This research was supported by a PhD
studentship funded by the University of Southampton, in part-
nership with the National Biofilms Innovation Centre (NBIC)
and as part of NBIC’s BBSRC-funded BITE Collaborative
Training Partnership (CTP). All the figures were created in
https://BioRender.com.

Author Contribution Hansani Wahalathanthrige: Writing
— original draft, Conceptualization. Ian D. Williams: Writ-
ing — review & editing, Supervision, Project administration,
Funding acquisition, Conceptualization. Xunli Zhang: Writing
— review & editing, Conceptualization. Jeremy S. Webb: Writ-
ing — review & editing All authors have read and approved the
final manuscript and agree to be accountable for all aspects of
the work.

Funding This research was supported by a PhD studentship
funded by the University of Southampton,in partnership with
the National Biofilms Innovation Centre (NBIC) and as part of
NBIC’s BBSRC-funded BITE Collaborative Training Partner-
ship (CTP).

Data availability No datasets were generated or analysed
during the current study.

Declarations

Conflict of interests The authors declare no competing inter-
ests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

Abeysinghe DH, De Silva DGV, Stahl DA, Rittmann BE
(2002) The effectiveness of bioaugmentation in nitrifying
systems stressed by a washout condition and cold tem-
perature. Water Environ Res 74(2):187-199. https://doi.
org/10.2175/106143002X139901

Adav SS, Lee D-J (2008) Single-culture aerobic granules
with Acinetobacter calcoaceticus. Appl Microbiol
Biotechnol ~ 78(3):551-557.  https://doi.org/10.1007/
$00253-007-1325-x

Afonso AC, Gomes IB, Saavedra MJ, Giaouris E, Simdes LC,
Simdes M (2021) Bacterial coaggregation in aquatic sys-
tems. Water Res 196:117037. https://doi.org/10.1016/j.
watres.2021.117037

Aguilar-Romero I, Lara-Moreno A, Madrid F, Villaverde J,
Alonso E, Santos JL, Morillo E (2025) Removal of ibu-
profen from contaminated water by bioaugmentation
with novel bacterial strains isolated from sewage sludge.
Microorganisms 13(8):1927

Ahmed SN, Baitharu I (2023). Chapter 3 - Potential of
microbes for the remediation of heavy metals—contami-
nated soil. In R. T. Kapoor & M. P. Shah (Eds.), Integra-
tive Strategies for Bioremediation of Environmental Con-
taminants, Volume Two (pp 31-47). Academic Press.
https://doi.org/10.1016/B978-0-443-14013-6.00005-6

Al-Ansari MM, Benabdelkamel H, AlMalki RH, Abdel Rah-
man AM, Alnahmi E, Masood A, Ilavenil S, Choi KC
(2021) Effective removal of heavy metals from industrial
effluent wastewater by a multi metal and drug resistant
Pseudomonas aeruginosa strain RA-14 using integrated
sequencing batch reactor. Environ Res 199:111240.
https://doi.org/10.1016/j.envres.2021.111240

Alnahhas RN, Sadeghpour M, Chen Y, Frey AA, Ott W, Josi¢
K, Bennett MR (2020) Majority sensing in synthetic
microbial consortia. Nat Commun 11(1):3659. https://
doi.org/10.1038/s41467-020-17475-z

Ampadu-Ameyaw R, Essegbey GO, Amaning EO (2021)
Public awareness, participation and attitude toward the
national biosafety framework and genetically modified
organisms in Ghana. J Biosaf Biosecur 3(2):147-153.
https://doi.org/10.1016/j.jobb.2021.10.003

Ageel H, Weissbrodt DG, Cerruti M, Wolfaardt GM, Wilén
B-M, Liss SN (2019) Drivers of bioaggregation
from flocs to biofilms and granular sludge [10.1039/
C9EWO00450E]. Environ Sci Water Res Technol
5(12):2072-2089. https://doi.org/10.1039/COEW00450E

Bao Y, Yang B, Yang R, Wang J, Geng A, Zhang C, Sun Z
(2025) Regulation of microbial activity based on quorum
sensing: implications for biological wastewater treat-
ment. Int Biodeterior Biodegrad 199:106029. https://doi.
org/10.1016/j.ibiod.2025.106029

Bhatt P, Gangola S, Bhandari G, Zhang W, Maithani D, Mishra
S, Chen S (2021) New insights into the degradation of
synthetic pollutants in contaminated environments. Che-
mosphere 268:128827. https://doi.org/10.1016/j.chemo
sphere.2020.128827

Boavida-Dias R, Silva JR, Santos AD, Martins RC, Castro LM,
Quinta-Ferreira RM (2022) A comparison of biosol-
ids production and system efficiency between activated


https://BioRender.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2175/106143002X139901
https://doi.org/10.2175/106143002X139901
https://doi.org/10.1007/s00253-007-1325-x
https://doi.org/10.1007/s00253-007-1325-x
https://doi.org/10.1016/j.watres.2021.117037
https://doi.org/10.1016/j.watres.2021.117037
https://doi.org/10.1016/B978-0-443-14013-6.00005-6
https://doi.org/10.1016/j.envres.2021.111240
https://doi.org/10.1038/s41467-020-17475-z
https://doi.org/10.1038/s41467-020-17475-z
https://doi.org/10.1016/j.jobb.2021.10.003
https://doi.org/10.1039/C9EW00450E
https://doi.org/10.1016/j.ibiod.2025.106029
https://doi.org/10.1016/j.ibiod.2025.106029
https://doi.org/10.1016/j.chemosphere.2020.128827
https://doi.org/10.1016/j.chemosphere.2020.128827

Rev Environ Sci Biotechnol (2026) 25:12

Page 25 0f 29 12

sludge, moving bed biofilm reactor, and sequencing
batch moving bed biofilm reactor in the dairy wastewater
treatment. Sustainability 14(5):2702

Boon N, Goris J, De Vos P, Verstraete W, Top Eva M (2000)
Bioaugmentation of activated sludge by an indigenous
3-chloroaniline-degrading =~ Comamonas  testosteroni
strain, 12gfp. Appl Environ Microbiol 66(7):2906-2913.
https://doi.org/10.1128/ AEM.66.7.2906-2913.2000

Bouabidi ZB, El-Naas MH, Zhang Z (2019) Immobilization
of microbial cells for the biotreatment of wastewater: a
review. Environ Chem Lett 17(1):241-257. https://doi.
org/10.1007/s10311-018-0795-7

Brettfeld E-G, Cheoafa O-A, Constantinescu-Aruxandei D,
Oancea F (2023) Bioaugmentation performance of a
bacterial consortium for moving bed biofilm reactor
(MBBR) treating municipal wastewater. Chem Proc
13(1):29

Carlos FS, Giovanella P, Bavaresco J, Borges CdS, Cama-
rgo FAdO (2016) A comparison of microbial bioaug-
mentation and biostimulation for hexavalent chro-
mium removal from wastewater. Water Air Soil Pollut
227(6):175. https://doi.org/10.1007/s11270-016-2872-5

Chandler R, Duerkop Breck A, Hinz A, West TE, Herman
Jake P, Churchill Mair EA, Skerrett Shawn J, Green-
berg EP (2009) Mutational analysis of Burkholderia
thailandensis quorum sensing and self-aggregation. J
Bacteriol 191(19):5901-5909. https://doi.org/10.1128/
jb.00591-09

Chen Q, NiJ, Ma T, Liu T, Zheng M (2015) Bioaugmentation
treatment of municipal wastewater with heterotrophic-
aerobic nitrogen removal bacteria in a pilot-scale SBR.
Bioresour Technol 183:25-32. https://doi.org/10.1016/].
biortech.2015.02.022

Chen T, Yang X, Sun Q, Hu A, Qin D, Li J, Wang Y, Yu C-P
(2022) Changes in wastewater treatment performance
and the microbial community during the bioaugmenta-
tion of a denitrifying Pseudomonas strain in the low
carbon—nitrogen ratio sequencing batch reactor. Water
14(4):540

Cheng Z, Meng X, Wang H, Chen M, Li M (2014) Isolation
and characterization of broad spectrum coaggregating
bacteria from different water systems for potential use in
bioaugmentation. PLoS ONE 9(4):¢94220. https://doi.
org/10.1371/journal.pone.0094220

Cheng Z, Chen M, Xie L, Peng L, Yang M, Li M (2015)
Bioaugmentation of a sequencing batch biofilm reac-
tor with Comamonas testosteroni and Bacillus cereus
and their impact on reactor bacterial communities. Bio-
technol Lett 37(2):367-373. https://doi.org/10.1007/
$10529-014-1684-1

Chettri D, Verma AK, Verma AK (2024) Bioaugmentation:
an approach to biological treatment of pollutants. Bio-
degradation  35(2):117-135.  https://doi.org/10.1007/
$10532-023-10050-5

Chong N-M, Pai S-L, Chen C-H (1997) Bioaugmentation of an
activated sludge receiving pH shock loadings. Bioresour
Technol 59(2):235-240. https://doi.org/10.1016/S0960-
8524(96)00138-1

Comella N, Grossman AD (2005) Conservation of genes
and processes controlled by the quorum response in
bacteria: characterization of genes controlled by the

quorum-sensing transcription factor ComA in Bacillus
subtilis. Mol Microbiol 57(4):1159-1174. https://doi.org/
10.1111/j.1365-2958.2005.04749.x

Cydzik-Kwiatkowska A, de Jonge N, Poulsen JS, Nielsen JL
(2022) Unravelling gradient layers of microbial commu-
nities, proteins, and chemical structure in aerobic gran-
ules. Sci Total Environ 829:154253. https://doi.org/10.
1016/j.scitotenv.2022.154253

de Angeles- Paz G, Ledezma-Villanueva A, Robledo-Mahén T,
Pozo C, Calvo C, Aranda E, Purswani J (2023) Assem-
bled mixed co-cultures for emerging pollutant removal
using native microorganisms from sewage sludge. Che-
mosphere 313:137472. https://doi.org/10.1016/j.chemo
sphere.2022.137472

Deter HS, Lu T (2022) Engineering microbial consortia with
rationally designed cellular interactions. Curr Opin Bio-
technol  76:102730.  https://doi.org/10.1016/j.copbio.
2022.102730

Di Gioia D, Fambrini L, Coppini E, Fava F, Barberio C (2004)
Aggregation-based cooperation during bacterial aero-
bic degradation of polyethoxylated nonylphenols. Res
Microbiol  155(9):761-769.  https://doi.org/10.1016/j.
resmic.2004.05.015

Doloman A, Sousa DZ (2024) Mechanisms of microbial co-
aggregation in mixed anaerobic cultures. Appl Micro-
biol Biotechnol 108(1):407. https://doi.org/10.1007/
$00253-024-13246-8

Dong Y, Zhang T, Xie L, Ping J, Zhang L, Huang Y, Song
H, Li C (2025) Bioaugmentation with novel hetero-
trophic nitrifying bacteria enhances nitrogen removal
in low C/N wastewater: elucidating nitrogen metabolic
traits and reactor-scale validation. J Environ Chem
Eng 13(5):118615. https://doi.org/10.1016/j.jece.2025.
118615

Dueholm MS, Marques 1G, Karst SM, D’Imperio S, Tale VP,
Lewis D, Nielsen PH, Nielsen JL (2015) Survival and
activity of individual bioaugmentation strains. Bioresour
Technol 186:192-199. https://doi.org/10.1016/j.biortech.
2015.02.111

El Fantroussi S, Agathos SN (2005) Is bioaugmentation a fea-
sible strategy for pollutant removal and site remediation?
Curr Opin Microbiol 8(3):268-275. https://doi.org/10.
1016/j.mib.2005.04.011

Fan C, Hou D, Zhang L, Li C, Chen L, Zhang P, Wu Y, Zou
J (2025) Bioaugmentation using HN-AD consortia for
high salinity wastewater treatment: synergistic effects
of halotolerant bacteria and nitrogen removal bacteria. J
Environ Manage 381:125355. https://doi.org/10.1016/j.
jenvman.2025.125355

Feng S, Gong L, Zhang Y, Tong Y, Zhang H, Zhu D, Huang
X, Yang H (2021) Bioaugmentation potential evaluation
of a bacterial consortium composed of isolated Pseu-
domonas and Rhodococcus for degrading benzene, tolu-
ene and styrene in sludge and sewage. Bioresour Tech-
nol 320:124329. https://doi.org/10.1016/j.biortech.2020.
124329

Fu S, Fan H, Liu S, Liu Y, Liu Z (2009) A bioaugmentation
failure caused by phage infection and weak biofilm for-
mation ability. J Environ Sci (China) 21(8):1153-1161.
https://doi.org/10.1016/S1001-0742(08)62396-7

@ Springer


https://doi.org/10.1128/AEM.66.7.2906-2913.2000
https://doi.org/10.1007/s10311-018-0795-7
https://doi.org/10.1007/s10311-018-0795-7
https://doi.org/10.1007/s11270-016-2872-5
https://doi.org/10.1128/jb.00591-09
https://doi.org/10.1128/jb.00591-09
https://doi.org/10.1016/j.biortech.2015.02.022
https://doi.org/10.1016/j.biortech.2015.02.022
https://doi.org/10.1371/journal.pone.0094220
https://doi.org/10.1371/journal.pone.0094220
https://doi.org/10.1007/s10529-014-1684-1
https://doi.org/10.1007/s10529-014-1684-1
https://doi.org/10.1007/s10532-023-10050-5
https://doi.org/10.1007/s10532-023-10050-5
https://doi.org/10.1016/S0960-8524(96)00138-1
https://doi.org/10.1016/S0960-8524(96)00138-1
https://doi.org/10.1111/j.1365-2958.2005.04749.x
https://doi.org/10.1111/j.1365-2958.2005.04749.x
https://doi.org/10.1016/j.scitotenv.2022.154253
https://doi.org/10.1016/j.scitotenv.2022.154253
https://doi.org/10.1016/j.chemosphere.2022.137472
https://doi.org/10.1016/j.chemosphere.2022.137472
https://doi.org/10.1016/j.copbio.2022.102730
https://doi.org/10.1016/j.copbio.2022.102730
https://doi.org/10.1016/j.resmic.2004.05.015
https://doi.org/10.1016/j.resmic.2004.05.015
https://doi.org/10.1007/s00253-024-13246-8
https://doi.org/10.1007/s00253-024-13246-8
https://doi.org/10.1016/j.jece.2025.118615
https://doi.org/10.1016/j.jece.2025.118615
https://doi.org/10.1016/j.biortech.2015.02.111
https://doi.org/10.1016/j.biortech.2015.02.111
https://doi.org/10.1016/j.mib.2005.04.011
https://doi.org/10.1016/j.mib.2005.04.011
https://doi.org/10.1016/j.jenvman.2025.125355
https://doi.org/10.1016/j.jenvman.2025.125355
https://doi.org/10.1016/j.biortech.2020.124329
https://doi.org/10.1016/j.biortech.2020.124329
https://doi.org/10.1016/S1001-0742(08)62396-7

12 Page 26 of 29

Rev Environ Sci Biotechnol (2026) 25:12

Fu Y, Li S-Y, Chen Y, Chen Y-P, Guo J-S, Liu S-Y, Yan P
(2025) Potential roles of quorum quenching in microbial
aggregates during wastewater treatment. Bioresour Tech-
nol 419:132027. https://doi.org/10.1016/j.biortech.2024.
132027

Gong B, Zhang K, Su M, Yang J, Peng C, Wang Y (2024) Effi-
cient nitrogen and phosphorus removal performance and
microbial community in a pilot-scale anaerobic/anoxic/
oxic (AOA) system with long sludge retention time:
significant roles of endogenous carbon source. Environ
Res 263:120164. https://doi.org/10.1016/j.envres.2024.
120164

Gupta PK, Mustapha HI, Singh B, Sharma YC (2022) Biore-
mediation of petroleum contaminated soil-water
resources using neat biodiesel: a review. Sustain Energy
Technol Assess 53:102703. https://doi.org/10.1016/].
seta.2022.102703

Hasan HA, Rahim NFM, Alias J, Ahmad J, Said NSM, Ramli
NN, Buhari J, Abdullah SRS, Othman AR, Jusoh HHW,
Juahir H, Kurniawan SB (2024) A review on the roles of
extracellular polymeric substances (EPSs) in wastewater
treatment: source, mechanism study, bioproducts, limita-
tions, and future challenges. Water (Basel) 16(19):2812

Herrero M, Stuckey DC (2015) Bioaugmentation and its appli-
cation in wastewater treatment: a review. Chemosphere
140:119-128. https://doi.org/10.1016/j.chemosphere.
2014.10.033

Hong P, Sun X, Yuan S, Wang Y, Gong S, Zhang Y, Sang P,
Xiao B, Shu Y (2024) Nitrogen removal intensification
of biofilm through bioaugmentation with Methylobacte-
rium gregans DC-1 during wastewater treatment. Che-
mosphere 352:141467. https://doi.org/10.1016/j.chemo
sphere.2024.141467

Hou L, Hu K, Huang F, Pan Z, Jia X, Liu W, Yao X, Yang Z,
Tang P, Li J (2024) Advances in immobilized microbial
technology and its application to wastewater treatment:
a review. Bioresour Technol 413:131518. https://doi.org/
10.1016/j.biortech.2024.131518

Hu H, Luo F, Liu Y, Zeng X (2020) Function of quorum sens-
ing and cell signaling in wastewater treatment systems.
Water Sci Technol 83(3):515-531. https://doi.org/10.
2166/wst.2020.601

Huang J-L, Cui Y-W (2025) Shortening sludge retention time
promotes the competitive advantage of heterotrophic
nitrification and aerobic denitrification bacteria in the
halophilic aerobic granular sludge treating saline waste-
water. J Environ Manage 389:126039. https://doi.org/10.
1016/j.jenvman.2025.126039

lasur-Kruh L, Hadar Y, Minz D (2011) Isolation and bioaug-
mentation of an estradiol-degrading bacterium and its
integration into a mature biofilm. Appl Environ Micro-
biol 77(11):3734-3740. https://doi.org/10.1128/ AEM.
00691-11

Ibrahim HAH, Abou Elhassayeb HE, El-Sayed WMM (2022)
Potential functions and applications of diverse micro-
bial exopolysaccharides in marine environments. J Genet
Eng Biotechnol 20(1):151. https://doi.org/10.1186/
$43141-022-00432-2

Jeong S-W, Kim HK, Yang JE, Choi YJ (2019) Removal
of Pb(l) by pellicle-like  biofilm-producing

@ Springer

Methylobacterium hispanicum EM2 strain from aqueous
media. Water 11(10):2081

Jia X, Liu C, Song H, Ding M, Du J, Ma Q, Yuan Y (2016)
Design, analysis and application of synthetic microbial
consortia. Synth Syst Biotechnol 1(2):109-117. https://
doi.org/10.1016/j.synbio.2016.02.001

Jia L, Jiang B, Huang F, Hu X (2019) Nitrogen removal mecha-
nism and microbial community changes of bioaugmenta-
tion subsurface wastewater infiltration system. Bioresour
Technol 294:122140. https://doi.org/10.1016/j.biortech.
2019.122140

Jiang H-L, Tay J-H, Maszenan AM, Tay ST-L (2006) Enhanced
phenol biodegradation and aerobic granulation by two
coaggregating bacterial strains. Environ Sci Technol
40(19):6137-6142. https://doi.org/10.1021/es0609295

Kanadasan G, Ng CA, Vadivelu VM, Bashir MJK (2025)
Advances in the application of aerobic granular sludge
for the removal of emerging contaminants in municipal
and industrial wastewater. Molecules 30(17):3522

Karygianni L, Ren Z, Koo H, Thurnheer T (2020) Biofilm
matrixome: extracellular components in structured
microbial communities. Trends Microbiol 28(8):668—
681. https://doi.org/10.1016/j.tim.2020.03.016

Katharios-Lanwermeyer S, Xi C, Jakubovics NS, Rickard AH
(2014) Mini-review: microbial coaggregation: ubiquity
and implications for biofilm development. Biofouling
30(10):1235-1251.  https://doi.org/10.1080/08927014.
2014.976206

Khan N, Tabassum B, Hasan A, Hashim M (2025). Micro-
bial Biofilm Reactor for Sustainable Wastewater Reme-
diation. In Kiran (Ed.), Sustainable Green Technologies:
Bioremediation of Environmental Pollution (pp 173-
188). Springer Nature Switzerland. https://doi.org/10.
1007/978-3-032-08155-1_8

Khehra MS, Saini HS, Sharma DK, Chadha BS, Chimni SS
(2005) Comparative studies on potential of consortium
and constituent pure bacterial isolates to decolorize azo
dyes. Water Res 39(20):5135-5141. https://doi.org/10.
1016/j.watres.2005.09.033

Kim D, Barraza JP, Arthur RA, Hara A, Lewis K, Liu Y, Scisci
EL, Hajishengallis E, Whiteley M, Koo H (2020) Spatial
mapping of polymicrobial communities reveals a precise
biogeography associated with human dental caries. Proc
Natl Acad Sci USA 117(22):12375-12386. https://doi.
org/10.1073/pnas.1919099117

Kondakindi VR, Pabbati R, Erukulla P, Maddela NR, Prasad
R (2024) Bioremediation of heavy metals-contaminated
sites by microbial extracellular polymeric substances
— a critical view. Environ Chem Ecotoxicol 6:408-421.
https://doi.org/10.1016/j.enceco.2024.05.002

Kumar G, Mudhoo A, Sivagurunathan P, Nagarajan D, Ghimire
A, Lay C-H, Lin C-Y, Lee D-J, Chang J-S (2016) Recent
insights into the cell immobilization technology applied
for dark fermentative hydrogen production. Bioresour
Technol 219:725-737. https://doi.org/10.1016/j.biortech.
2016.08.065

Lea-Smith DJ, Hassard F, Coulon F, Partridge N, Horsfall
L, Parker KDJ, Smith RDJ, McCarthy RR, McKew
B, Gutierrez T, Kumar V, Dotro G, Yang Z, Kras-
nogor N (2025) Engineering biology applications for


https://doi.org/10.1016/j.biortech.2024.132027
https://doi.org/10.1016/j.biortech.2024.132027
https://doi.org/10.1016/j.envres.2024.120164
https://doi.org/10.1016/j.envres.2024.120164
https://doi.org/10.1016/j.seta.2022.102703
https://doi.org/10.1016/j.seta.2022.102703
https://doi.org/10.1016/j.chemosphere.2014.10.033
https://doi.org/10.1016/j.chemosphere.2014.10.033
https://doi.org/10.1016/j.chemosphere.2024.141467
https://doi.org/10.1016/j.chemosphere.2024.141467
https://doi.org/10.1016/j.biortech.2024.131518
https://doi.org/10.1016/j.biortech.2024.131518
https://doi.org/10.2166/wst.2020.601
https://doi.org/10.2166/wst.2020.601
https://doi.org/10.1016/j.jenvman.2025.126039
https://doi.org/10.1016/j.jenvman.2025.126039
https://doi.org/10.1128/AEM.00691-11
https://doi.org/10.1128/AEM.00691-11
https://doi.org/10.1186/s43141-022-00432-2
https://doi.org/10.1186/s43141-022-00432-2
https://doi.org/10.1016/j.synbio.2016.02.001
https://doi.org/10.1016/j.synbio.2016.02.001
https://doi.org/10.1016/j.biortech.2019.122140
https://doi.org/10.1016/j.biortech.2019.122140
https://doi.org/10.1021/es0609295
https://doi.org/10.1016/j.tim.2020.03.016
https://doi.org/10.1080/08927014.2014.976206
https://doi.org/10.1080/08927014.2014.976206
https://doi.org/10.1007/978-3-032-08155-1_8
https://doi.org/10.1007/978-3-032-08155-1_8
https://doi.org/10.1016/j.watres.2005.09.033
https://doi.org/10.1016/j.watres.2005.09.033
https://doi.org/10.1073/pnas.1919099117
https://doi.org/10.1073/pnas.1919099117
https://doi.org/10.1016/j.enceco.2024.05.002
https://doi.org/10.1016/j.biortech.2016.08.065
https://doi.org/10.1016/j.biortech.2016.08.065

Rev Environ Sci Biotechnol (2026) 25:12

Page 27 0of 29 12

environmental solutions: potential and challenges.
Nat Commun 16(1):3538.  https://doi.org/10.1038/
s41467-025-58492-0

Lee JTE, Dutta N, Zhang L, Tsui TTH, Lim S, Tio ZK, Lim
EY, Sun J, Zhang J, Wang C-H, Ok YS, Ahring BK,
Tong YW (2022) Bioaugmentation of Methanosarcina
thermophila grown on biochar particles during semi-
continuous thermophilic food waste anaerobic digestion
under two different bioaugmentation regimes. Bioresour
Technol 360:127590. https://doi.org/10.1016/j.biortech.
2022.127590

Li C, Li Y, Cheng X, Feng L, Xi C, Zhang Y (2013) Immobi-
lization of Rhodococcus rhodochrous BX2 (an acetoni-
trile-degrading bacterium) with biofilm-forming bacteria
for wastewater treatment. Bioresour Technol 131:390—
396. https://doi.org/10.1016/j.biortech.2012.12.140

Li C, Wang S, Du X, Cheng X, Fu M, Hou N, Li D (2016)
Immobilization of iron- and manganese-oxidizing bac-
teria with a biofilm-forming bacterium for the effec-
tive removal of iron and manganese from groundwa-
ter. Bioresour Technol 220:76-84. https://doi.org/10.
1016/j.biortech.2016.08.020

Li M, Wan Q, Zhang C, Tan X, Liu X (2022a) Aggregation
performance and adhesion behavior of microbes in
response to feast/famine condition: rapid granulation
of aerobic granular sludge. Environ Res 208:112780.
https://doi.org/10.1016/j.envres.2022.112780

Li L, He Z, Liang T, Sheng T, Zhang F, Wu D, Ma F (2022b)
Colonization of biofilm in wastewater treatment: a
review. Environ Pollut 293:118514. https://doi.org/10.
1016/j.envpol.2021.118514

LiJ, Chen Y, Qi J, Zuo X, Meng F (2024) Characterization
of EPS subfractions from a mixed culture predomi-
nated by partial-denitrification functional bacteria.
Water Research X 24:100250. https://doi.org/10.1016/j.
wroa.2024.100250

Li C, Zhu L, Axe L, Li M (2025) Acclimation of sludge-
derived biofilms for effective removal of emerging con-
taminants: impacts of inoculum source and carbon sup-
plementation. J Hazard Mater 492:138235. https://doi.
org/10.1016/j.jhazmat.2025.138235

Liu Y-Q, Tay J-H (2015) Fast formation of aerobic granules
by combining strong hydraulic selection pressure with
overstressed organic loading rate. Water Res 80:256—
266. https://doi.org/10.1016/j.watres.2015.05.015

Liu C, Xie J, Song M, Gao Z, Zheng D, Liu X, Ning G,
Cheng X, Bruning H (2018) Nitrogen removal perfor-
mance and microbial community changes in subsurface
wastewater infiltration systems (SWISs) at low temper-
ature with different bioaugmentation strategies. Biore-
sour Technol 250:603-610. https://doi.org/10.1016/j.
biortech.2017.11.089

Liu J, Hu X, Gao YY, Zhu J (2025a) Dynamic character-
istics of attachment genes and their role in aerobic
granular sludge development. Int Biodeterior Biode-
grad 204:106160. https://doi.org/10.1016/j.ibiod.2025.
106160

Liu Y, Luo D, Liu B, Wu J, Zhang R, Zhang X (2025b) Per-
formance and microbial community analysis of SBR and
MBBR systems under different operational modes for

oil shale retorting wastewater treatment. Biochem Eng J
215:109618. https://doi.org/10.1016/j.bej.2024.109618

Liu C, Sun D, Zhu J, Liu J, Liu W (2020). The Regulation of
Bacterial Biofilm Formation by cAMP-CRP: A Mini-
Review [Mini Review]. Frontiers in Microbiology, Vol-
ume 11 - 2020. https://doi.org/10.3389/fmicb.2020.
00802

Lyon DY, Vogel TM (2013). Bioaugmentation for groundwa-
ter remediation: an overview. In: H. F. Stroo, A. Leeson,
& C. H. Ward (Eds.), Bioaugmentation for Groundwater
Remediation (pp 1-37). Springer New York. https://doi.
org/10.1007/978-1-4614-4115-1_1

Ma H, Zhao Y, Yang K, Wang Y, Zhang C, Ji M (2022) Appli-
cation oriented bioaugmentation processes: mechanism,
performance improvement and scale-up. Bioresour Tech-
nol 344:126192. https://doi.org/10.1016/j.biortech.2021.
126192

Maddela NR, Sheng B, Yuan S, Zhou Z, Villamar-Torres R,
Meng F (2019) Roles of quorum sensing in biological
wastewater treatment: a critical review. Chemosphere
221:616-629. https://doi.org/10.1016/j.chemosphere.
2019.01.064

Malik A, Sakamoto M, Hanazaki S, Osawa M, Suzuki T,
Tochigi M, Kakii K (2003) Coaggregation among non-
flocculating bacteria isolated from activated sludge. Appl
Environ Microbiol 69(10):6056—6063. https://doi.org/10.
1128/AEM.69.10.6056-6063.2003

Markowska K, Szymanek-Majchrzak K, Pituch H, Majewska A
(2024) Understanding quorum-sensing and biofilm form-
ing in anaerobic bacterial communities. Int J Mol Sci.
https://doi.org/10.3390/ijms252312808

Martins SCS, Martins CM, Fitza LMCG, Santaella ST (2013).
Immobilization of microbial cells: A promising tool for

McAteer PG, Christine Trego A, Thorn C, Mahony T, Abram
F, O’Flaherty V (2020) Reactor configuration influences
microbial community structure during high-rate, low-
temperature anaerobic treatment of dairy wastewater.
Bioresour Technol 307:123221. https://doi.org/10.1016/].
biortech.2020.123221

Melo A, Quintelas C, Ferreira EC, Mesquita DP (2022). The
Role of extracellular polymeric substances in micropol-
lutant removal [Review]. Frontiers in Chemical Engi-
neering, Volume 4 - 2022. https://doi.org/10.3389/fceng.
2022.778469

Mrozik A, Piotrowska-Seget Z (2010) Bioaugmentation as
a strategy for cleaning up of soils contaminated with
aromatic compounds. Microbiol Res 165(5):363-375.
https://doi.org/10.1016/j.micres.2009.08.001

Najim AA, Radeef AY, Al-Doori I, Jabbar ZH (2024) Immobi-
lization: the promising technique to protect and increase
the efficiency of microorganisms to remove contami-
nants. J Chem Technol Biotechnol 99(8):1707-1733.
https://doi.org/10.1002/jctb.7638

Nancharaiah YV, Joshi HM, Hausner M, Venugopalan VP
(2008) Bioaugmentation of aerobic microbial granules
with Pseudomonas putida carrying TOL plasmid. Che-
mosphere 71(1):30-35. https://doi.org/10.1016/j.chemo
sphere.2007.10.062

Nwankwegu AS, Onwosi CO (2017) Microbial cell immobili-
zation: a renaissance to bioaugmentation inadequacies.

@ Springer


https://doi.org/10.1038/s41467-025-58492-0
https://doi.org/10.1038/s41467-025-58492-0
https://doi.org/10.1016/j.biortech.2022.127590
https://doi.org/10.1016/j.biortech.2022.127590
https://doi.org/10.1016/j.biortech.2012.12.140
https://doi.org/10.1016/j.biortech.2016.08.020
https://doi.org/10.1016/j.biortech.2016.08.020
https://doi.org/10.1016/j.envres.2022.112780
https://doi.org/10.1016/j.envpol.2021.118514
https://doi.org/10.1016/j.envpol.2021.118514
https://doi.org/10.1016/j.wroa.2024.100250
https://doi.org/10.1016/j.wroa.2024.100250
https://doi.org/10.1016/j.jhazmat.2025.138235
https://doi.org/10.1016/j.jhazmat.2025.138235
https://doi.org/10.1016/j.watres.2015.05.015
https://doi.org/10.1016/j.biortech.2017.11.089
https://doi.org/10.1016/j.biortech.2017.11.089
https://doi.org/10.1016/j.ibiod.2025.106160
https://doi.org/10.1016/j.ibiod.2025.106160
https://doi.org/10.1016/j.bej.2024.109618
https://doi.org/10.3389/fmicb.2020.00802
https://doi.org/10.3389/fmicb.2020.00802
https://doi.org/10.1007/978-1-4614-4115-1_1
https://doi.org/10.1007/978-1-4614-4115-1_1
https://doi.org/10.1016/j.biortech.2021.126192
https://doi.org/10.1016/j.biortech.2021.126192
https://doi.org/10.1016/j.chemosphere.2019.01.064
https://doi.org/10.1016/j.chemosphere.2019.01.064
https://doi.org/10.1128/AEM.69.10.6056-6063.2003
https://doi.org/10.1128/AEM.69.10.6056-6063.2003
https://doi.org/10.3390/ijms252312808
https://doi.org/10.1016/j.biortech.2020.123221
https://doi.org/10.1016/j.biortech.2020.123221
https://doi.org/10.3389/fceng.2022.778469
https://doi.org/10.3389/fceng.2022.778469
https://doi.org/10.1016/j.micres.2009.08.001
https://doi.org/10.1002/jctb.7638
https://doi.org/10.1016/j.chemosphere.2007.10.062
https://doi.org/10.1016/j.chemosphere.2007.10.062

12 Page 28 of 29

Rev Environ Sci Biotechnol (2026) 25:12

A review. Environ Technol Rev 6(1):186-198. https://
doi.org/10.1080/21622515.2017.1356877

Ogundolie FA, Babalola OO, Adetunji CO, Aruwa CE, Manjia
JN, Muftaudeen TK (2024) A review on bioremediation
by microbial immobilization-an effective alternative for
wastewater treatment. AIMS Environ Sci 11(6):918-939.
https://doi.org/10.3934/environsci.2024046

Park D, Lee DS, Kim YM, Park JM (2008) Bioaugmentation
of cyanide-degrading microorganisms in a full-scale
cokes wastewater treatment facility. Bioresour Technol
99(6):2092-2096. https://doi.org/10.1016/j.biortech.
2007.03.027

Pincam T, Liu Y-Q, Booth A, Wang Y, Lan G, Zeng P (2024)
A comprehensive comparison of microbial communities
between aerobic granular sludge and flocculent sludge
for nutrient removal in full-scale wastewater treatment
plants. Chemosphere 362:142644. https://doi.org/10.
1016/j.chemosphere.2024.142644

Plangklang P, Reungsang A (2009) Bioaugmentation of carbo-
furan residues in soil using Burkholderia cepacia PCL3
adsorbed on agricultural residues. Int Biodeterior Bio-
degrad 63(4):515-522. https://doi.org/10.1016/j.ibiod.
2009.02.003

Maria Minera Porras L, Pino N, Pérez J (2025). Influence of
biochar shape on the microbial remediation of chlor-
pyrifos-contaminated soil using immobilized bacteria.
In M. N. Rashed (Ed.), Persistent Organic Pollutants -
Monitoring, Treatment Technologies, and Health Effects.
IntechOpen.https://doi.org/10.5772/intechopen.1011110

Prabhakar T, Giaretta J, Zulli R, Rath RJ, Farajikhah S, Tale-
bian S, Dehghani F (2025) Covalent immobilization:
a review from an enzyme perspective. Chem Eng J
503:158054. https://doi.org/10.1016/j.cej.2024.158054

Rafeeq H, Afsheen N, Rafique S, Arshad A, Intisar M, Hussain
A, Bilal M, Igbal HMN (2023) Genetically engineered
microorganisms for environmental remediation. Che-
mosphere 310:136751. https://doi.org/10.1016/j.chemo
sphere.2022.136751

Ramalingam B, Sekar R, Boxall JB, Biggs CA (2013) Aggre-
gation and biofilm formation of bacteria isolated from
domestic drinking water. Water Supply 13(4):1016—
1023. https://doi.org/10.2166/ws.2013.115

Raper E, Stephenson T, Anderson DR, Fisher R, Soares A
(2018) Industrial wastewater treatment through bio-
augmentation. Process Saf Environ Prot 118:178-187.
https://doi.org/10.1016/j.psep.2018.06.035

Rathore S, Desai PM, Liew CV, Chan LW, Heng PWS (2013)
Microencapsulation of microbial cells. J Food Eng
116(2):369-381. https://doi.org/10.1016/j.jfoodeng.2012.
12.022

Rickard H, Leach Stephen A, Hall Laurence S, Buswell Clive
M, High Nicola J, Handley Pauline S (2002) Phyloge-
netic relationships and coaggregation ability of freshwa-
ter biofilm bacteria. Appl Environ Microbiol 68(7):3644—
3650. https://doi.org/10.1128/ AEM.68.7.3644-3650.
2002

Rodrigues FJ, Cedran MF, Bicas JL, Sato HH (2020) Encapsu-
lated probiotic cells: relevant techniques, natural sources
as encapsulating materials and food applications — a nar-
rative review. Food Res Int 137:109682. https://doi.org/
10.1016/j.foodres.2020.109682

@ Springer

Rodriguez-Conde F, Zhu S, Dikicioglu D (2025) Harness-
ing microbial division of labor for biomanufacturing: a
review of laboratory and formal modeling approaches.
Crit Rev Biotechnol 45(6):1249-1267. https://doi.org/10.
1080/07388551.2025.2455607

Saeed MU, Hussain N, Sumrin A, Shahbaz A, Noor S, Bilal
M, Aleya L, Igbal HMN (2022) Microbial bioremedia-
tion strategies with wastewater treatment potentialities —
a review. Sci Total Environ 818:151754. https://doi.org/
10.1016/j.scitotenv.2021.151754

Saini S, Tewari S, Dwivedi J, Sharma V (2023) Biofilm-
mediated wastewater treatment: a comprehensive review
[10.1039/D2MAO00945E]. Mater Adv 4(6):1415-1443.
https://doi.org/10.1039/D2MA00945E

Shan X, Guo H, Ma F, Shan Z (2023) Enhanced treatment of
synthetic wastewater by bioaugmentation with a con-
structed consortium. Chemosphere 338:139520. https://
doi.org/10.1016/j.chemosphere.2023.139520

Shan X, Shan Z, Guo H, Ma F (2025) Biodegradation of
cephalexin in wastewater by Glutamicibacter sp. S2
and Herbaspirillum sp. S8: performance, pathway,
genomes and synergistic bio-augmentation. Chem Eng
J507:160783. https://doi.org/10.1016/j.cej.2025.160783

Shao Y, Tao X, Fan H, Zhou XH, Wang H, Liu Gh, Xu X,
Zhang J (2022) Determination of critical dissolved oxy-
gen for effective mass transfer of activated sludge flocs
based on microelectrode detection technology. Int J Envi-
ron Sci Technol 19(9):8243-8253. https://doi.org/10.
1007/s13762-021-03669-5

Shi S, Qu Y, Ma Q, Zhang X, Zhou J, Ma F (2015) Perfor-
mance and microbial community dynamics in bioaug-
mented aerated filter reactor treating with coking waste-
water. Bioresour Technol 190:159-166. https://doi.org/
10.1016/j.biortech.2015.04.075

Sipma J, Osuna B, Collado N, Monclas H, Ferrero G, Comas
J, Rodriguez-Roda I (2010) Comparison of removal of
pharmaceuticals in MBR and activated sludge systems.
Desalination 250(2):653-659. https://doi.org/10.1016/].
desal.2009.06.073

Stevens MRE, Luo TL, Vornhagen J, Jakubovics NS, Gilsdorf
JR, Marrs CF, Mgretrg T, Rickard AH (2015) Coag-
gregation occurs between microorganisms isolated
from different environments. FEMS Microbiol Ecol
91(11):£iv123. https://doi.org/10.1093/femsec/fiv123

Torresi E, Polesel F, Bester K, Christensson M, Smets BF,
Trapp S, Andersen HR, Pl6sz BG (2017) Diffusion and
sorption of organic micropollutants in biofilms with
varying thicknesses. Water Res 123:388—400. https://doi.
org/10.1016/j.watres.2017.06.027

treatment of toxic pollutants in industrial wastewater. Afri-
can Journal of Biotechnology, 12(28), pp. 4412-4418.
https://doi.org/10.5897/AIB12.2677

Trelles JA, Rivero CW (2013) Whole cell entrapment tech-
niques. Methods Mol Biol 1051:365-374. https://doi.org/
10.1007/978-1-62703-550-7_24

Trunk T, Hawzeen SK, Jack CL (2018) Bacterial autoaggrega-
tion. AIMS Microbiol 4(1):140-164. https://doi.org/10.
3934/microbiol.2018.1.140

Wan C, Yang X, Lee D-J, Wang X-Y, Yang Q, Pan X (2014)
Aerobic granulation of aggregating consortium X9 iso-
lated from aerobic granules and role of cyclic di-GMP.


https://doi.org/10.1080/21622515.2017.1356877
https://doi.org/10.1080/21622515.2017.1356877
https://doi.org/10.3934/environsci.2024046
https://doi.org/10.1016/j.biortech.2007.03.027
https://doi.org/10.1016/j.biortech.2007.03.027
https://doi.org/10.1016/j.chemosphere.2024.142644
https://doi.org/10.1016/j.chemosphere.2024.142644
https://doi.org/10.1016/j.ibiod.2009.02.003
https://doi.org/10.1016/j.ibiod.2009.02.003
https://doi.org/10.5772/intechopen.1011110
https://doi.org/10.1016/j.cej.2024.158054
https://doi.org/10.1016/j.chemosphere.2022.136751
https://doi.org/10.1016/j.chemosphere.2022.136751
https://doi.org/10.2166/ws.2013.115
https://doi.org/10.1016/j.psep.2018.06.035
https://doi.org/10.1016/j.jfoodeng.2012.12.022
https://doi.org/10.1016/j.jfoodeng.2012.12.022
https://doi.org/10.1128/AEM.68.7.3644-3650.2002
https://doi.org/10.1128/AEM.68.7.3644-3650.2002
https://doi.org/10.1016/j.foodres.2020.109682
https://doi.org/10.1016/j.foodres.2020.109682
https://doi.org/10.1080/07388551.2025.2455607
https://doi.org/10.1080/07388551.2025.2455607
https://doi.org/10.1016/j.scitotenv.2021.151754
https://doi.org/10.1016/j.scitotenv.2021.151754
https://doi.org/10.1039/D2MA00945E
https://doi.org/10.1016/j.chemosphere.2023.139520
https://doi.org/10.1016/j.chemosphere.2023.139520
https://doi.org/10.1016/j.cej.2025.160783
https://doi.org/10.1007/s13762-021-03669-5
https://doi.org/10.1007/s13762-021-03669-5
https://doi.org/10.1016/j.biortech.2015.04.075
https://doi.org/10.1016/j.biortech.2015.04.075
https://doi.org/10.1016/j.desal.2009.06.073
https://doi.org/10.1016/j.desal.2009.06.073
https://doi.org/10.1093/femsec/fiv123
https://doi.org/10.1016/j.watres.2017.06.027
https://doi.org/10.1016/j.watres.2017.06.027
https://doi.org/10.5897/AJB12.2677
https://doi.org/10.1007/978-1-62703-550-7_24
https://doi.org/10.1007/978-1-62703-550-7_24
https://doi.org/10.3934/microbiol.2018.1.140
https://doi.org/10.3934/microbiol.2018.1.140

Rev Environ Sci Biotechnol (2026) 25:12

Page 29 of 29 12

Bioresour Technol 152:557-561. https://doi.org/10.
1016/j.biortech.2013.11.052

Wan C, Li Z, Deng L, Yuan Y, Wu C (2023) Microbial popu-
lation properties in the hierarchically structured aerobic
granular sludge: phenotype and genotype. Sci Total Envi-
ron 867:161164. https://doi.org/10.1016/j.scitotenv.2022.
161164

Wang L, Li Y, Wang L, Zhu M, Zhu X, Qian C, Li W (2018)
Responses of biofilm microorganisms from moving bed
biofilm reactor to antibiotics exposure: protective role of
extracellular polymeric substances. Bioresour Technol
254:268-277. https://doi.org/10.1016/j.biortech.2018.01.
063

Wang Q, Kong J, Liang J, Gamal El-Din M, Zhao P, Xie W,
Chen C (2022) Nitrogen removal intensification of aero-
bic granular sludge through bioaugmentation with “het-
erotrophic nitrification-aerobic denitrification” consor-
tium during petroleum wastewater treatment. Bioresour
Technol 361:127719. https://doi.org/10.1016/j.biortech.
2022.127719

Wang J, Zhang C, Li P, Xu H, Wang W, Yin W, Wu J, Hu Z
(2023) Bioaugmentation with Tetrasphaera to improve
biological phosphorus removal from anaerobic digestate
of swine wastewater. Bioresour Technol 373:128744.
https://doi.org/10.1016/j.biortech.2023.128744

Wang J, Ran B, Peng Y, An Q, Zhao B (2024) Evaluation of
aerobic granulation performance bioaugmented with the
auto-aggregating bacterium Pseudomonas stutzeri strain
XL-2 with heterotrophic nitrification-aerobic denitrifica-
tion capacity. Bioresour Technol 403:130869. https://doi.
org/10.1016/j.biortech.2024.130869

Wang R, Wang S, Liu L, Qiu C, Xiao S, Ouyang Q, Ji M
(2025) Research progress on the influence factors of the
quorum sensing system regulating the growth of waste-
water treatment biofilm. Water. https://doi.org/10.3390/
w17131944

Wen Q, Wang Q, Li X, Chen Z, Tang Y, Zhang C (2018)
Enhanced organics and Cu2+ removal in electroplating
wastewater by bioaugmentation. Chemosphere 212:476—
485. https://doi.org/10.1016/j.chemosphere.2018.08.060

Wong L, Lu Y, Ho JCS, Mugunthan S, Law Y, Conway P,
Kjelleberg S, Seviour T (2023) Surface-layer protein is
a public-good matrix exopolymer for microbial com-
munity organisation in environmental anammox bio-
films. ISME J 17(6):803-812. https://doi.org/10.1038/
s41396-023-01388-y

Yang Z, Sun H, Zhou L, Arhin SG, Papadakis VG, Goula
MA, Liu G, Zhang Y, Wang W (2022) Bioaugmentation
with well-constructed consortia can effectively alleviate
ammonia inhibition of practical manure anaerobic diges-
tion. Water Res 215:118244. https://doi.org/10.1016/].
watres.2022.118244

Yang X, Zhou Y, Zhang L, Benally C, Liu Y (2025) Enhanced
biofilm formation and municipal wastewater treatment
efficiency using granular activated carbon modified bio-
ball carriers in moving bed biofilm reactor. Bioresour
Technol 435:132947. https://doi.org/10.1016/j.biortech.
2025.132947

Yue W, Chen M, Cheng Z, Xie L, Li M (2018) Bioaugmenta-
tion of strain Methylobacterium sp. C1 towards p-nitro-
phenol removal with broad spectrum coaggregating
bacteria in sequencing batch biofilm reactors. J Hazard
Mater 344:431-440. https://doi.org/10.1016/j.jhazmat.
2017.10.039

Zhang Q-Q, Yang G-F, Zhang L, Zhang Z-Z, Tian G-M, Jin
R-C (2017) Bioaugmentation as a useful strategy for
performance enhancement in biological wastewater
treatment undergoing different stresses: application and
mechanisms. Crit Rev Environ Sci Technol 47(19):1877—
1899. https://doi.org/10.1080/10643389.2017.1400851

Zhang P, Xiong W, Xiao G, Su H (2025) Aerobic granular
sludge: formation mechanism, accelerating granulation
strategies, and emerging applications. J Environ Man-
age 393:126980. https://doi.org/10.1016/j.jenvman.2025.
126980

Zhao T, Qiao K, Wang L, Zhang W, Meng W, Liu F, Gao X,
Zhu J (2021) Isolation and characterization of a strain
with high microbial attachment in aerobic granular
sludge. J Environ Sci 106:194-203. https://doi.org/10.
1016/j.jes.2021.01.019

Zheng S, Lou B, Yang Z, Ou D, Ai N (2024) Enhancing waste-
water treatment with aerobic granular sludge: impacts of
tetracycline pressure on microbial dynamics and struc-
tural stability. Microorganisms. https://doi.org/10.3390/
microorganisms12091913

Zhu X, Liu R, Liu C, Chen L (2015) Bioaugmentation with
isolated strains for the removal of toxic and refractory
organics from coking wastewater in a membrane biore-
actor. Biodegradation 26(6):465—474. https://doi.org/10.
1007/s10532-015-9748-z

Zhu Y, Hou J, Meng F, Xu M, Lin L, Yang L, Chen X (2025)
Comparative enrichment of complete ammonium oxi-
dation bacteria in floccular sludge reactors: sequencing
batch reactor vs. continuous stirred tank reactor. Water
Res X 27:100305. https://doi.org/10.1016/j.wroa.2025.
100305

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://doi.org/10.1016/j.biortech.2013.11.052
https://doi.org/10.1016/j.biortech.2013.11.052
https://doi.org/10.1016/j.scitotenv.2022.161164
https://doi.org/10.1016/j.scitotenv.2022.161164
https://doi.org/10.1016/j.biortech.2018.01.063
https://doi.org/10.1016/j.biortech.2018.01.063
https://doi.org/10.1016/j.biortech.2022.127719
https://doi.org/10.1016/j.biortech.2022.127719
https://doi.org/10.1016/j.biortech.2023.128744
https://doi.org/10.1016/j.biortech.2024.130869
https://doi.org/10.1016/j.biortech.2024.130869
https://doi.org/10.3390/w17131944
https://doi.org/10.3390/w17131944
https://doi.org/10.1016/j.chemosphere.2018.08.060
https://doi.org/10.1038/s41396-023-01388-y
https://doi.org/10.1038/s41396-023-01388-y
https://doi.org/10.1016/j.watres.2022.118244
https://doi.org/10.1016/j.watres.2022.118244
https://doi.org/10.1016/j.biortech.2025.132947
https://doi.org/10.1016/j.biortech.2025.132947
https://doi.org/10.1016/j.jhazmat.2017.10.039
https://doi.org/10.1016/j.jhazmat.2017.10.039
https://doi.org/10.1080/10643389.2017.1400851
https://doi.org/10.1016/j.jenvman.2025.126980
https://doi.org/10.1016/j.jenvman.2025.126980
https://doi.org/10.1016/j.jes.2021.01.019
https://doi.org/10.1016/j.jes.2021.01.019
https://doi.org/10.3390/microorganisms12091913
https://doi.org/10.3390/microorganisms12091913
https://doi.org/10.1007/s10532-015-9748-z
https://doi.org/10.1007/s10532-015-9748-z
https://doi.org/10.1016/j.wroa.2025.100305
https://doi.org/10.1016/j.wroa.2025.100305

	Enhancing bioaugmentation in wastewater treatment: the emerging role of aggregating bacteria as mediators in cell immobilization—review
	Abstract 
	1 Introduction
	2 Overview of bioaugmentation
	2.1 Factors influencing the stability and efficiency of bioaugmentation
	2.1.1 Selection of bioaugmentation strain and its characteristics
	2.1.2 Bioaugmentation dosage
	2.1.3 Microbial interactions and community dynamics
	2.1.4 Reactor type and wastewater characteristics


	3 Towards robust bioaugmentation
	3.1 Cell immobilization approaches
	3.2 Microbial aggregation strategies for enhancing bioaugmentation performance
	3.2.1 Functional drivers of microbial aggregation in bioaugmented wastewater systems
	3.2.2 Mechanistic insights into aggregating bacteria-mediated immobilization
	3.2.3 Synthetic biology strategies to stabilize co-cultures of aggregating bacteria and pollutant degraders


	4 Sources and application of aggregating bacteria for immobilization-based bioaugmentation
	4.1 Sources of aggregating bacteria for bioaugmentation
	4.2 Application of aggregating bacteria isolated from aerobic granules for immobilization-based bioaugmentation
	4.3 Role of aggregating bacteria and immobilization in treating emerging pollutants in wastewater

	5 Research needs and future directions
	6 Conclusions
	Acknowledgements 
	References




