3701

Jurnal Kejuruteraan 37(8) 2025: 3701-3711
https://doi.org/10.17576/jkukm-2025-37(8)-04

Overview of Bacterial and Algal Symbiotic Systems and Mechanisms of
Mutualistic Symbiosis, Signaling and Gene Transfer

Yugiang Zhao®®, Ahmad Razi Othman®®*, Wenlai Xu¢, Xiayu Zhou®, Siti Rozaimah Sheikh Abdullah®d &
Hassimi Abu Hasan*4

“Department of Chemical and Process Engineering, Faculty of Engineering and Built Environment,
Universiti Kebangsaan Malaysia, 43600, UKM Bangi, Selangor, Malaysia

bCollege of Pharmacy and Laboratory Medicine, Ya'an Polytechnic College, 625000 Ya'an, Sichuan, China

State Key Laboratory of Geohazard Prevention and Geoenvironment Protection,
Chengdu University of Technology, 610059 Chengdu, Sichuan, China

dResearch Centre for Sustainabile Process Technology (CESPRQO), Faculty of Engineering and Built Environemnt,
Unviersiti Kebangsaan Malaysia, 43600 UKM Bangi, Selangor, Malaysia

*Corresponding author:ahmadrazi@ukm.edu.my

Received 20 August 2024, Received in revised form 19 December 2024
Accepted 20 January 2025, Available online 30 November 2025

ABSTRACT

The bacterial-algal symbiotic system capitalizes on the intricate relationship between bacteria and algae to
effectively eliminate pollutants, presenting a promising solution for widespread application in wastewater treatment.
This article examines the evolution and implementation of the bacterial-algal symbiosis system, focusing on its
mechanisms of action from three distinct perspectives: mutually beneficial symbiotic relationships, signaling,
and gene transfer. Through the prism of rivalry and mutual gain, the mutually beneficial symbiotic connection
clarifies the mechanism of action. Group sensing and chemotaxis are two aspects of signal transduction that are
essential for maintaining stability of bacterial and algal systems. These processes facilitate the formation of an
inter-algal microenvironment while enhancing pollutant removal. Moreover, gene transfer not only contributes to
improving the stability of the bacterial-algal symbiotic system but also holds promise for fostering synergistic
relationships between bacteria and algae. By promoting up-regulation of gene expression in bio-augmentation
bacteria, quorum sensing enhances their colonization rates and improves contaminant degradation within sewage
treatment systems. This approach has the significant potential for applications involving gene transfer while
demonstrating complex mutualistic interactions. A comprehensive understanding of microalgae-bacteria interactions
can optimize both performance and stability within these systems, thereby increasing efficiency in treating
environmentally contaminated water sources through advanced treatment technologies.
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INTRODUCTION freshwater lakes represents a significant concern resulting
from excessive nutrient inputs, which adversely affect
water quality (Suresh et al. 2023). Consequently, the
identification of effective methods for the removal of
nitrogen and phosphorus, while simultaneously enhancing
water quality through energy-efficient and environmentally
sustainable approaches, has emerged as a paramount
priority for environmental experts globally.

Microalgae play an essential role in the self-
purification process of natural water bodies. Being one of

Due to the substantial discharge of wastewater from
industrial, agricultural, and animal husbandry wastewater
and domestic sewage, there has been a substantial influx
of nitrogen, phosphorus, and other nutrients into aquatic
ecosystems. This phenomenon has resulted in enhanced
algal growth and reproduction, thereby exacerbating the
eutrophication of water bodies. Eutrophication in global
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the oldest photosynthetic biological groups on earth, they
exhibit remarkable efficiency in removing nutrients such
as nitrogen, phosphorus, along with other pollutants like
heavy metals that contribute to eutrophication. This process
occurs at a low cost, positioning microalgae as a vital tool
for maintaining water quality in natural environments
(Salbitani & Carfagna 2021). The molecular formula of
these algae can be approximated as C  H, O, N, P, while

10677263 7110
their growth reaction equation is expressed as follows:

106CO2+16NOs+HPO42+1 22H20+18H*&> O

Cio6H2630110N16P+13802

The principle of microalgae treatment of sewage is
founded on the understanding that algae are auto-trophic
organisms with minimal requirements for organic matter
during their growth phase. They utilize light as an energy
source to synthesize essential nutrients, such as nitrogen
and phosphorus, into complex small molecular compounds,
thereby facilitating the purification of sewage. This process
effectively eliminates contaminants from water, rendering
it suitable for reuse or safe disposal (Satiro et al. 2024).
Table 1 presents a summary of the effectiveness of
commonly employed microalgae in treating various types
of wastewater, including nitrogen, phosphorus, and
chemical oxygen demand (COD), as documented in
relevant literature.

TABLE 1. The common types of microalgae and removal efficiency of organic matters in wastewater

Type Removal efficiency Ref
e
Microalgae Wastewater COD N NH,-N TP
Chiorella vulgaris szls‘giizgf“m‘“pal 61.1%  33.6%  — 258%  AlMomani etal. (2016)
Lietal.
0, 0, - 0,
Chlorella sp. 90.8% 89.1% 80.9% 2011
N. muscorum 77.6% 86.0% — 72.5% S(}zl'gzn(;;i ctal
Chiorell Bacill Primary-treated Li i
taeanensis wastewater ( )
Chlorella vulgaris 91.8% 94.0% — 98.6%
Navicula veneta 95.7% 96.9% — 99.8% . .
Nostoc muscorum 85.7%  72.0%  — 8820,  Sisman-Aydin(2022)
Consortium 88.3% 84.0% — 86.0%
Desmodesmus sp. SNNI 52.69%  89.09%  99.99%  94.64% gggi)et al.
Spirulina platensis Secondary- — — 80.0% 97.0% Zhang et al. (2008)
L treated municipal Amit et al.
Tetraselmis indica wastewater 72.94% 88.0% — 51.0% (2018)
Aketo et al.
. - o o .
Tetraselmis sp. 99.0% 82.0% (2020)
Diatom consortium ) 91.0% 95.0% — 88.9% Marella et al,
Industrial (2018)
Chlorella sorokiniana wastewater — — 87.8% 100% Refaay et al.
Scenedesmus vacuolatus — — 85.7% 100% (2022)

i Breeding o o o Y. Luetal.
Nostoc sp. S stene 61.87% 73.79% — 98.46% (2020)
Chlamydomonas debaryana Electronic — 73.0% — 81.0% .

wastewater Xiong et al.
i 2016
Scenedesmus quadricadua pharmaceutical — 67.0% — 59.0% ( )

wastewater




The utilization of microalgae for wastewater treatment
presents numerous advantages, including the efficient
removal of nutrients, organic matter, and pollutants, as well
as the generation of valuable biomass for biofuels and other
high-value products (L. Li et al. 2023). However, several
drawbacks warrant consideration. These challenges include
the small size of microalgal cells, which complicates
effective algal cell separation; prolonged retention times;
difficulties in harvesting treated wastewater; evaporation
losses; excess sludge production; low efficiency in organic
matter removal; and the release of particulate matter from
treated effluent (Tawfik et al. 2022). Addressing these
limitations through innovative technologies such as
biofilm-generated algae and tackling issues related to the
removal of exogenous pollutants are crucial steps toward
enhancing both the efficiency and sustainability of
microalgal wastewater treatment processes.

This paper subsequently presents an overview of the
development and application of microalgal-bacterial
systems, elucidating their mechanisms of action through
a discussion of mutually beneficial symbiotic relationships,
signaling processes, and gene transfer dynamics.

MICROALGAL-BACTERIAL SYSTEM

Algae-bacteria symbiosis (ABS) represents a natural self-
purification process for aquatic environments, integrating
the degradation of pollutants by bacteria with the removal
of substances such as nitrogen and phosphorus by algae.
This process has gained widespread recognition in
wastewater treatment due to its cost-effectiveness and
environmentally friendly characteristics (Sukla et al. 2019).
In the 1950s, Oswald et al. first proposed the concept of
high-rate algal ponds (HRAP), which merges traditional
stabilization pond principles with those of oxygen release
through algal photosynthesis (Oswald et al. 1957). The
HRAP methodology has significantly advanced our
understanding of bacterial-algal symbiosis in wastewater
treatment and has been extensively implemented. In 1971,
McGriff et al. proposed the notion of “activated algae”,
which leverages the symbiotic relationship between
bacteria and algae to effectively remove pollutants from
wastewater by combining specific algae with activated
sludge in a defined ratio (McGriff et al. 1972).

The process of wastewater treatment utilizing a
symbiotic system of bacteria and algae represents a natural
method that relies exclusively on sunlight as its primary
energy source. This approach has the potential to
significantly reduce energy consumption, streamline
operations, and minimize environmental impact. Research
indicates that the symbiosis between microalgae and
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bacteria can enhance their resilience to environmental
fluctuations, promote long-term stability for both partners,
facilitate the exchange of metabolites and nutrients, and
provide a mechanism for controlling invasive species
(Mehta et al. 2015).
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FIGURE 1. Mechanisms of interaction between microalgae
and bacteria symbiosis in treating wastewater (a.) Mutually
beneficial symbiosis. (b.) Signaling. (c.) Horizontal Gene
transfer.

As illustrated in Figure 1, the interactions between
microalgae and bacteria primarily encompass three key
aspects: Mutually beneficial symbiosis (Figure la),
Signaling (Figure 1b), and Horizontal gene transfer (Figure
1c). These interactions are influenced by various factors,
including nutrient availability and cultivation conditions.
Bacteria play an essential role in promoting microalgal
growth and enhancing bio-flocculation (B. Zhang et al.
2020). The transduction of chemical signals resembles the
information communication between bacteria and algae.
Bacteria can release certain signaling compounds that affect
algal behavior, while algae can produce analogous
substances, such as pheromones, to influence bacterial
activity. Horizontal gene transfer pertains to the
incorporation of certain bacterial genes into the genetic
framework of algae. This gene transfer is advantageous for
algae as it facilitates adaptation to environmental changes,
thereby playing a crucial role in their survival (Bowler et
al. 2008). The subsequent sections of this article will
concentrate on three dimensions of mutually beneficial
symbiosis between microalgae and bacteria: signaling
mechanisms, gene transfer processes, and regulatory
frameworks. These dimensions will be elucidated to
highlight the interrelationships and regulatory mechanisms
governing microalgal-bacterial interactions while further
exploring potential engineering applications within the
bacterial-algal system.
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MUTUALLY BENEFICIAL SYMBIOSIS

The interaction between microalgae and bacteria involves
both a “facilitating relationship” and an “inhibiting
relationship” (Van Den Hende et al. 2014). Related research
investigates the role of bacterial metabolites as potential
toxins that can induce antagonistic interactions, thereby
inhibiting algal growth. Conversely, beneficial metabolites
may foster mutualistic relationships, highlighting the
complex dynamics of competition and cooperation in algal-
bacterial interactions across various environments
(Burgunter-Delamare et al. 2024).
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FIGURE 2. The mutually beneficial relationship between
Microalgae and Bacteria symbiosis in wastewater treatment

As shown in Figure 2, bacteria possess the capability
to decompose organic carbohydrates and dead algal cells,
resulting in the generation of carbon dioxide that can be
utilized by algae for photosynthesis (Unnithan et al. 2014).
This process provides essential carbon sources and
nutrients necessary for algal growth. Furthermore, the
metabolites produced through bacterial metabolism can be
absorbed by microalgae (Khandeparker et al. 2014). This
synergistic relationship fosters a positive growth dynamic
between microalgae and bacteria. The material aspect is
evidenced by a mutually beneficial symbiotic interaction
characterized by the reciprocal utilization of metabolites.
During this interaction, microalgae absorb environmental
nitrogen, phosphorus, and other substances to synthesize
organic carbohydrates. “Inhibitory relationships” are
typically defined by competition for nutrients and the
release of toxins that impede each other’s growth. In the
symbiotic environment shared by microalgae and bacteria,
both organisms require vital nutrients such as nitrogen and
phosphorus. The competition between these two groups
becomes particularly pronounced when available nutrients
in their environment are insufficient to satisfy the needs of
both simultaneously. During the interaction between
microalgae and bacteria, the exchange of nutrient
substances is a common phenomenon. It has been
established that microalgae can produce extracellular

polymeric substances (EPS) to sustain bacterial activity
(Van etal. 2014). Concurrently, bacteria provide microalgae
with essential micronutrients and vitamins in exchange for
carbon sources necessary for their metabolic processes.
Bacteria play a crucial role in supplying microalgae with
vital nutrients and vitamins required for their growth and
development while receiving carbon sources in return
(Croft et al. 2005). These interactions involve a complex
network of metabolites and chemical mediators that
influence the nature of the relationship at any given moment
(Candidate & Daly 2021).

In algal-bacterial symbiotic system, it has been
demonstrated that bacteria can effectively utilize phosphate
in environments with low concentrations when the
availability of environmental phosphate is limited. This
capability is attributed to the higher affinity of bacteria for
phosphate. Furthermore, microalgae release phycotoxins
which inhibit bacterial growth and may even be toxic to
bacteria. In response, bacteria produce toxins to impede
the growth of microalgae or potentially induce lysis of
algal cells (R. Mufioz & Guieysse, 20006). Related studies
suggested that during photosynthesis, microalgae increase
the pH level, which can be detrimental to bacteria
populations. This phenomenon occurs because microalgae
absorb carbon dioxide and release oxygen during
photosynthesis (Cai et al. 2013). As a result of carbon
dioxide absorption, the concentration of H* in water
decreases, leading to an increase in pH levels. Additionally,
alkaline substances such as sodium carbonate and sodium
bicarbonate are produced by microalgae during
photosynthesis, further contributing to the rise in pH
(Goldman et al. 1982; Ji et al. 2020).

Relevant studies have established that the mutually
beneficial symbiotic relationship between microalgae and
bacteria represents a complementary enhancement of
metabolic reaction processes. This is particularly evident
in the release, adsorption, and utilization of oxygen
molecules and metabolites (Leong et al. 2024). Strictly
speaking, the relationships, interactions, constructs, and
applications involving microalgae and bacteria are
relatively complex.

SIGNALING

During interactions between microalgae and bacteria, the
latter secrete signaling molecules that induce morphological
changes in the algae. In response, the algae release specific
chemicals that inhibit bacterial quorum sensing (Santo et
al. 2022). The communication between bacteria and algae
primarily occurs through Quorum Sensing (QS) and
chemosensory effects. This interaction positively influences



gene expression, growth, and biocompound production,
playing a crucial role in bacterial communication and
interspecies interactions (Adouane et al. 2024).

SIGNALINGI1: QUORUM SENSING

Quorum sensing (QS) is a chemical signaling mechanism
employed by microbial communities, playing a pivotal role
in bacterial-algal interactions. It significantly influences
biofilm formation, nutrient uptake, and the production of
bioproducts (Thompson et al. 2023).

Previous studies have indicated that group sensing
enhances the synthesis of adenosine triphosphate (ATP)
and promotes the extracellular polymerization of sludge.
This process results in an increased concentration of
extracellular polymers within the sludge, facilitates the
absorption of nutrients such as nitrogen and phosphorus,
and encourages the formation of aerobic granular sludge,
ultimately leading to improved effluent quality (Frederick
et al. 2011; Tan et al. 2014). Quorum-sensing signals
emitted by epibiont bacteria induce novel microviridins in
Nostoc cyanobacteria, illustrating interspecies chemical
communication that regulates peptide production during
bacterial-algal interactions while monitoring bacterial
communities to elicit species-specific metabolic responses
(Oruganti et al. 2022). It has been demonstrated that
quorum-sensing signals produced by bacteria can influence
the attachment and colonization of algal symbionts in the
phyllosphere. This highlights how quorum sensing aids
bacteria in establishing themselves within the
microenvironment surrounding phytoplankton cells (Fei
et al. 2020). These findings emphasize the importance of
community perception in mediating bacterial-algal
interactions and shaping ecological dynamics within
aquatic environments. The diversity observed in group
sensing effects among microalgae and bacteria is contingent
upon variations in signaling molecules. The representative
signaling molecules identified in this study primarily
include oligopeptide compounds, and N-acyl homoserine
lactone (AHL) (M. Suzuki et al. 2016; Thompson et al.
2023).

Quorum Sensing (QS) is intricately linked to bacterial
population density. As the population density of a species
increases, the concentration of signaling molecules also
rises until a critical threshold is reached, which subsequently
triggers the expression of target genes. Figure 3a
demonstrates how V. harveyi integrates cell density
information through two quorum sensing circuits at the
shared Lux U phosphorelay component. In this context,
two signaling proteins, Lux LM and Lux S, are detected
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on the surface of the cell membrane , facilitating the
synthesis of signaling molecules Al-1 and A1-2,
respectively. The protein responsible for detecting signals
from A1-2 has been identified as Lux Q, which exhibits
homology to Lux N—the protein necessary for detecting
signals from A1-1. With the identification of Lux U and
Lux O as components within a phosphorelay cascade, it
becomes evident that these proteins integrate information
from receptors for Al-1 (Lux N) and A1-2 (Lux Q), thereby
regulating bioluminescence gene expression in response
to changes in cell density (Freeman & Bassler, 1999;
Lorenz et al. 2017). Figure 3b indicates that the com C
motif encodes a peptide pheromone precursor that is
translocated and secreted as a mature signal peptide (CSP).
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FIGURE 3. Schematic diagram of representative quorum-
sensing system: (a.) Lux U’s dual-group sensing. (b) Peptide-
mediated quorum sensing. (¢) LuxI/R quorum sensing.

This CSP then diffuses into the extracellular
compartment via specialized carriers Com AB. Once CSP
concentration of CSP reaches a specific threshold, it
induces autophosphorylation of its homologous histidine
kinase (Com D) located at the cell membrane to activate
its response regulator (Com E) (Moreno-Gamez et al.
2017). This activation initiates DNA uptake and processing
required for gene expression—a quorum sensing
mechanism commonly observed in Streptococcus
pneumoniae. As depicted in Figure 3¢, the Lux I protein
promotes the synthesis of signaling molecule AHL, which
diffuses across membranes and interacts with intracellular
transcriptional activator Lux R. This interaction ultimately
leads to enhanced expression of luminescent genes in
symbiotic bacterium Vibrio fischeri (Bramhachari, 2019).
It has been demonstrated that the addition of C8-HSL and
C14-HSL to a symbiotic culture system comprising
Chlorella sorokiniana and bacteria induces the release of
AHLs by the bacteria. This process subsequently enhances
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algal biomass, lipid content, and photosynthetic rate (Zhou
etal. 2024). Table 2 summarizes recent research conducted

by scholars on group sensing effects and the expression of
various signaling molecules over the past few years.

TABLE 2 Research insights of different scholars on QS in recent years (2019-2024)

Insights

Ref

Photo sensing and quorum sensing integrate in bacterial group behaviors. Bhp phosphorylates
Alg B in Pseudomonas aeruginosa, influencing biofilm formation and virulence gene expression,
showcasing group sensing in bacterial interactions.

Bacterial quorum sensing signaling molecules (QSSMs) promoting larval settlement in Hydractinia
symbiolongicarpus, a cnidarian, indicating a important role for QSSMs in larval substrate selection
and attachment in Hydractinia symbiolongicarpus.

Bacterial-fungal interactions in kelp endomicrobiota influence autoinducer-2 quorum sensing, a key
signaling system regulating virulence and host colonization within the algal holobiont.

Symbiotic bacteria within sponges communicate with each other through pentapeptide signaling
molecules, which accelerates the formation of bacterial biofilm on the sponge cell surface.

Quorum sensing signal AHL regulate bacterial attachment to algal exudates in the phycosphere,
facilitating symbiosis and nutrient exchange in the algae-bacteria relationship.

The bacterial quorum-sensing signal 2-heptyl-4-quinolone (HHQ) induces phytoplankton stasis by
causing DNA damage and inhibiting repair, impacting viral mortality and highlighting microbial cues
in marine ecosystems.

Quorum sensing signals, like N-acyl homoserine lactones and 2-alkyl-4-quinolones, mediate algae-
bacteria interactions by influencing growth, metabolism, photosynthesis, and nutrient acquisition,
showcasing their role in ecological dynamics.

Quorum sensing by indole-3-acetic acid (IAA) in algal-bacterial interactions during nitrogen removal
process, influencing signaling between Chlorella Phormidium and bacteria, enhancing nitrogen
removal rates.

The LuxS/AI-2 quorum-sensing system in Shewanella xiamenensis Lzh-2 regulates algicidal activity,
demonstrating bacterial-algal interaction through signaling molecules, impacting algae-bacteria
symbiosis dynamics.

The discovery of the short-chain homoserine lactone (HSL) population sensing signal C4-HSL
in Vibrio owensii, the causative agent of albinism induced in Halymenia floresii, highlights its
significance in algal-bacterial interactions.

Bacterial quorum sensing signal, HHQ, inhibits pyrimidine biosynthesis in Emiliania huxleyi,
impacting cell division and virus protection, highlighting intricate interdomain interactions in marine
ecosystems.

Bacterial quorum-sensing molecules (AHLs) promote diatom biofilm formation of Diatom
Cylindrotheca sp. by increasing growth rates, EPS secretion, and altering biofilm structure,
showcasing symbiotic interaction in biofilm development.

The addition of 30C8-HSL and 30C12-HSL to a consortium of green alga and Agrobacterium
promoted the release of acyl homoserine lactones (AHLs) by the bacteria, which can promote algal
growth and affect the pollutant removal of heavy metal Cd by algae-bacteria consortia.

Mukherjee et al. (2019)

Franco et al.
(2019)

Tourneroche et al.
(2019)

Velando et al.
(2020)

Fei et al.
(2020)

Pollara et al.
(2021)

Dow
(2021)

X. Wu et al.
(2022)

Liu et al.
(2022)

A Abdul Malik et al.
(2022)

Garrett & Whalen (2023)

Yang et al.
(2023)

Yu et al.
(2024)

SIGNALING2: CHEMOTAXIS

Chemotaxis represents a significant form of signaling that
occurs between microalgae and bacteria. Throughout their
life processes, microalgae or microorganisms release
metabolites or nutrients that confer survival advantages by
inhibiting the biological activities of both microalgae and
bacteria within their micro-environment. Chemosensory
effects play a crucial role in various interactions within
microalgae-bacteria symbiotic systems, encompassing
interactions among microalgae-bacteria, microalgae-
microalgae, and bacteria-microalgae. These interactions

are mediated by an array of bioactive compounds, including
free fatty acids, polyunsaturated aldehydes, alkaloids, as
well as specific metabolites such as 1-histidine and
Tiliacorine. These compounds can induce either biomass
inhibition or enhancement in various species
(Apostolopoulou et al. 2022). Furthermore, the
chemosensitization between microalgae and bacteria
involves mechanisms such as population-sensing regulation
and the production of antibiotic compounds that inhibit
biofilm formation and pathogen invasion (Borowitzka et
al. 2016). Related studies suggested that cyanotoxins,
including microcystin-LR and cylindrospermopsin, exert



inhibitory effects on the growth, motility, and photosynthesis
of green algae (Teneva et al. 2023). It is proposed that
ANE may influence the antioxidant defense system of
microalgae by affecting antioxidant enzymes such as
superoxide dismutase (SOD) and catalase (CAT) through
chlorophyR. Algal bioactive compounds like
eicosapentaenoic acid (EPA) and dihydroxyacetone
phosphate (DD), derived from grazing or competition with
other organisms, can significantly reduce oxygen
production rates in diatom biofilms, thereby impacting their
growth activity (Leflaive et al. 2008).

Chemosensory interactions between microalgae and
bacteria play pivotal roles in various ecological and
biotechnological processes. These microorganisms engage
in chemically mediated interactions that influence algal
community structure, bloom formation, and productivity
(Borowitzka et al. 2016). However, allelopathy can have
detrimental effects on certain algae and bacteria. Despite
this, it plays a crucial role in establishing the symbiotic
relationship between these organisms; such relationships
not only facilitate the colonization of ecological niches by
bacteria on algal surfaces but also inhibit the growth of
competing algae, thereby reinforcing the stability of the
system (Eze et al. 2023). Recent studies have identified
Chitinimonas prasina LY 03 as an algicidal bacterium that
releases membrane-bound vesicles (BMVs) containing an
algicidal compound known as Tambjamine LY?2. This
compound targets specific microalgal species, including
Heterosigma akashiwo and Thalassiosira pseudonana, by
fusing with their cell membranes to deliver Tambjamine
LY2, ultimately resulting in algal mortality (Y. Li et al.
2024). Furthermore, research has demonstrated that A.
brasilense exhibits a strong positive chemotactic response
towards Scenedesmus sp. This attraction is driven by
specific organic acids secreted by the algae, namely
oxaloacetic acid and potentially citric acid, which were
detected in the cell-free supernatant of the algae. These
organic acids serve as chemoattractants that signal nutrient
availability while influencing bacterial movement and
colonization behavior near algal populations (Greipel et
al. 2024). Understanding these chemosensory effects is
essential for elucidating the complex dynamics within
aquatic environments and may carry significant implications
for both ecological balance and industrial applications (Xiu
et al. 2024). Such interactions are critical for the
physiological activities associated with bacterial-algal
symbioses; thus, comprehending these chemosensory
mechanisms is vital for advancing our knowledge in this
field.

In short, quorum sensing (QS) and chemotaxis are
integral to the symbiotic relationship between algae and
bacteria. QS serves as an intercellular signaling mechanism
that utilizes signaling molecules to regulate gene
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expression, biofilm formation, nutrient uptake, bacterial
attachment, and even to prevent viral lysis in the
zooxanthellae. This QS system enables algal symbionts to
effectively colonize the zooxanthellae, while bacteria
residing within these cells employ chemotaxis to exploit
the presence of algae for their benefit. A comprehensive
understanding of the interactions between QS and
chemotaxis is essential for elucidating the mechanisms
governing algal-bacterial symbioses and their implications
for global biogeochemical cycles and nutrient fluxes.

HORIZONTAL GENE TRANSFER

Horizontal gene transfer (HGT) between bacteria and algae
plays a significant role in microbial evolution and
adaptation, as evidenced by studies on various algae
species. A symbiotic relationship has been discovered
between Sulfito-bacteria and Diatoms. Genomic analyses
reveal that genes involved in tryptophan synthesis are
positively regulated in diatoms while those associated with
indoleacetic acid synthesis are suppressed in the symbiotic
bacteria. This observation suggests that Sulfito-bacteria
may produce specialized compounds utilizing amino acids
provided by Diatoms through the relevant gene transfers
(Grandgirard et al. 2002). Related research indicates that
horizontal gene transfer events from bacteria to
extremophilic green algae such as Chlamydomonas
acidophila and Dunaliella acidophila have been
documented. This suggests a transfer of synthase genes
among these organisms, supported by phylogenetic
analysis and experimental validation (Olsson et al. 2017).
Moreover, successful gene transfer from Escherichia coli
to green oleaginous microalgae Acutodesmus obliquus and
Neochloris oleoabundans was accomplished through
conjugation, which allowed for genetic modification aimed
at improving product yields (C. F. Mufloz et al. 2019).
Research has demonstrated that HGT within biofilm
communities of macroalgae involves the transfer of genes
related to nutrient transport, degradation processes, and
stress responses, thereby benefiting bacteria in specific
ecological niches (W. Song et al. 2021). HGT from both
bacteria and archaea has facilitated environmental
adaptation in the extremophilic red alga Galdieria
sulphuraria, thereby enhancing its metabolic flexibility
and capacity to survive in extreme environments. This
phenomenon underscores the significance of genetic
exchange in enabling organisms to thrive under challenging
conditions (Van Etten et al. 2023).  Furthermore, HGT
between bacteria and algae within bacterial-algal
systems plays a crucial role in algal photosynthesis and
is essential for the evolutionary development of algae
on Earth (Keeling, 2024).
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The literature on the role of HGT in the symbiotic
treatment of wastewater by algae and bacteria is relatively
sparse. Nevertheless, it has been documented that HGT
plays a significant role in the bacterial community within
biofilms, which is relevant to the wastewater treatment
process. Research indicates that two-celled fenestrated
algae effectively remove ammonium and orthophosphate
from synthetic secondary wastewater when immobilized
on alginate sieves and subjected to nutrient starvation
(Olsson etal. 2017; S. Suzuki & Sano, 2023). Furthermore,
studies have indicated that close proximity between
bacterial cells in biofilms fosters conditions conducive to
the transfer of antibiotic resistance genes. This phenomenon
carries important implications for wastewater treatment
facilities due to potentially high concentrations of
antibiotics and resistant bacteria (W. Song et al. 2021). In
recent years, there has been a notable increase in research
interest concering antibiotic resistance gene (ARG)
transmission and its influencing factors (S. Suzuki & Sano
2023). Therefore, further investigation into the specific
role of HGT in algal-bacterial symbiosis during wastewater
treatment is warranted.

CONCLUSION

The symbiotic relationship between microalgae and
bacteria presents significant potentia for enhancing the
efficiency and sustainability of wastewater treatment
processes. This is attributed to the natural self-purification
mechanisms inherent in this symbiosis, which harnesses
sunlight as the primary energy source, thereby potentially
reducing both energy consumption and environmental
impact. The interactions between microalgae and bacteria
are complex, encompassing three principal mechanisms:
mutualistic symbiosis, signaling pathways (including
quorum sensing and chemotaxis), and horizontal gene
transfer (HGT). Quorum sensing facilitates the upregulation
of gene expression in proliferating bacteria, thereby
augmenting their colonization capacity and improving
pollutant degradation within wastewater treatment systems.
The prospects of microalgae-bacteria symbiosis in
wastewater treatment are indeed promising.

A comprehensive understanding of these interactions
can aid in optimizing system performance and stability,
ultimately enhancing efficiency in treating environmentally
contaminated water sources through advanced treatment
technologies. Addressing the limitations associated with
current bacterial-algal symbiotic technologies necessitates
technological innovations that elucidate the complex
interactions among these microorganisms; such
advancements could pave the way for more efficient,

sustainable, and environmentally friendly solutions to
wastewater treatment challenges.
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