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Abstract: Livestock wastewater is characterized by high organic loading, elevated concentrations of ammonia nitrogen and 

phosphorus, high suspended solids, and the coexistence of antibiotics, heavy metals, antibiotic resistance genes, and other 

emerging contaminants. Improper treatment may lead to eutrophication, ecological toxicity, and the dissemination of 

antimicrobial resistance in aquatic environments. Algal-bacterial symbiotic systems couple organic matter degradation, nitrogen 

and phosphorus transformation, pollutant adsorption and immobilization, and biomass valorization through the synergistic 

interaction between microalgal photosynthesis and bacterial heterotrophic metabolism, providing a promising pathway for low-

carbon treatment and nutrient recovery from livestock wastewater. This review systematically summarizes the major pollution 

characteristics of livestock wastewater and the applicability of algal -bacterial systems, and discusses the key mechanisms 

involved in algal-bacterial symbiosis, including oxygen-carbon dioxide exchange, nutritional complementarity, extracellular 

polymeric substance-mediated floc formation, and nitrogen transformation driven by aerobic-anoxic microzones. Furthermore, 

recent progress in the removal of organic matter, nitrogen, phosphorus, antibiotics, antibiotic resistance genes, heavy metals, 

persistent organic pollutants, microplastics, and other emerging contaminants by algal -bacterial systems is reviewed. The 

treatment performance of algal-bacterial systems is mainly influenced by algal species and bacterial community composition, 

algal-bacterial inoculation ratio, light conditions, pH, temperature, dissolved oxygen, wastewater pretreatment, and pollutant 

loading. Future studies should focus on long-term operation under real livestock wastewater conditions, regulation of algal-

bacterial communities, clarification of pollutant migration and transformation among the aqueous phase, biomass, and sediments, 

and the establishment of safe biomass valorization and comprehensive environmental benefit assessment frameworks. These 

efforts will promote the transition of livestock wastewater treatment from pollution reduction toward resource recycling.  

Keywords: Algal-bacterial symbiosis, livestock wastewater, nitrogen and phosphorus recovery, heavy metals, emerging 

contaminants. 

 

1. Introduction 

With the increasing scale and intensification of livestock 

production, wastewater discharge from animal farming 

continues to increase and has become an important 

component of agricultural water pollution. Compared with 

domestic sewage, livestock wastewater not only has a high 

pollution load but also exhibits a clear resource attribute. 

Approximately 24 billion tons of nutrient-rich livestock 

wastewater are generated globally each year, in which organic 

carbon, nitrogen, and phosphorus are both major contributors 

to water pollution and eutrophication and potential nutrient 

resources that can be recovered through biotransformation 

and resource-oriented utilization [1]. However, the 

complexity of livestock wastewater is not limited to 

conventional pollutants. This type of wastewater often 

contains high concentrations of organic matter, ammonia 

nitrogen, phosphorus, and suspended solids, together with 

inhibitory components such as high salinity, high turbidity, 

antibiotics, and heavy metals, resulting in typical composite 

pollution characteristics [2]. Taking piggery wastewater as an 

example, effluents released during pork production contain 

nitrogen, phosphorus, organic matter, and metals 

simultaneously, indicating that livestock wastewater 

treatment should not target a single pollution indicator but 

should address the synergistic reduction of multiple pollutant 

loads [3]. In addition, the use of antibiotics in livestock 

production may make wastewater a reservoir and 

transmission medium for antibiotic resistance genes; if 

insufficiently treated, it may increase the risk of antimicrobial 

resistance dissemination in aquatic environments [4]. 

Therefore, the treatment goal of livestock wastewater has 

gradually shifted from conventional reductions in COD, 

nitrogen, and phosphorus toward integrated management that 

considers nutrient recovery, emerging contaminant control, 

and environmental risk reduction. 

Existing technologies for livestock wastewater treatment 

mainly include solid-liquid separation, anaerobic digestion, 

aerobic biological treatment, chemical precipitation, 

adsorption, and ecological treatment. These technologies play 

important roles in reducing organic loads, removing 

suspended solids, and improving effluent quality. Anaerobic 

digestion can effectively transform organic matter in livestock 

wastewater and produce biogas, representing an important 

pathway for energy recovery from organic waste; however, its 

effluent still contains relatively high concentrations of 

nitrogen and phosphorus, which require further recovery or 

advanced removal [1]. Aerobic biological treatment can 

promote organic matter oxidation and nitrogen transformation, 

but its operation generally relies on external aeration, and 

aeration is a major contributor to energy consumption in 

wastewater treatment systems [5]. Chemical precipitation and 

adsorption can be used for the removal of phosphorus, heavy 

metals, and some organic pollutants, but further improvement 

is needed in terms of nutrient recycling and by-product 

valorization [1]. As the goal of livestock wastewater 
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management shifts from pollutant removal to resource 

recovery and composite pollution risk control, increasing 

attention has been given to biological treatment systems 

capable of simultaneously achieving organic matter 

transformation, nitrogen and phosphorus recovery, and 

emerging contaminant reduction. Microalgae and algal -

bacterial symbiotic systems can participate in pollutant 

removal through photosynthesis, nutrient assimilation, 

extracellular adsorption, biotransformation, and light-related 

reactions, while converting nitrogen, phosphorus, and organic 

carbon in wastewater into usable biomass [4]. Studies on 

antibiotic removal from swine manure wastewater further 

show that algal-bacterial systems can remove veterinary 

antibiotics through adsorption, biodegradation, and 

phototransformation, demonstrating their potential for 

treating complex pollution in livestock wastewater [6]. 

Therefore, developing algal-bacterial symbiotic systems is 

conducive not only to improving resource recovery efficiency 

during livestock wastewater treatment but also to advancing 

low-carbon treatment and circular utilization of animal 

farming wastewater. 

Algal-bacterial symbiotic systems provide a biological 

pathway for livestock wastewater treatment that integrates 

pollution reduction, nutrient recovery, and biomass 

valorization. Unlike conventional aerobic treatment processes 

that depend on external aeration, algal-bacterial systems use 

the metabolic complementarity between microalgal 

photosynthetic oxygen production and bacterial heterotrophic 

degradation to promote organic matter oxidation and biomass 

formation, thereby reducing dependence on external oxygen 

supply to some extent [7]. In this process, microalgae 

assimilate nitrogen and phosphorus from wastewater while 

absorbing CO2 and releasing O2 through photosynthesis; 

bacteria decompose complex organic matter and release 

inorganic carbon, small-molecule organics, and growth-

promoting substances, thereby providing favorable 

conditions for microalgal growth and nutrient transformation 

[8]. This symbiotic relationship, based on material exchange 

and metabolic feedback, enables algal-bacterial systems to 

remove conventional pollutants such as COD, ammonia 

nitrogen, total nitrogen, and total phosphorus, while also 

promoting the reduction of some emerging contaminants 

through adsorption, biodegradation, phototransformation, and 

cometabolism [9]. Studies using real piggery wastewater have 

shown that microalgae-bacteria systems can simultaneously 

remove nitrogen, phosphorus, organic matter, and some metal 

pollutants, highlighting their applicability to composite 

pollution control in livestock wastewater [3]. In  addition, 

algal-bacterial systems show advantages in the treatment of 

antibiotics in livestock and aquaculture wastewater, with 

removal mechanisms involving extracellular adsorption, 

cellular uptake, photodegradation, biodegradation, and 

cometabolism [10]. This review systematically discusses the 

pollution characteristics of livestock wastewater, algal-

bacterial symbiotic mechanisms, progress in pollutant 

removal, key influencing factors, and future perspectives, 

aiming to provide a reference for low-carbon treatment, 

nutrient recycling, and composite pollution risk control in 

livestock wastewater management. 

2. Characteristics of Livestock 
Wastewater and Its Compatibility 
with Algal-Bacterial Treatment 

2.1. Main Characteristics of Livestock 

Wastewater 

Livestock wastewater has complex sources, including feces 

and urine discharge, barn washing water, feed residues, farm 

runoff, slaughterhouse and meat-processing wastewater, and 

anaerobic digestion effluent. Wastewaters from different 

sources vary in the composition of organic matter, nitrogen, 

phosphorus, and suspended solids, but they generally show 

high pollution loads and nutrient enrichment. For example, 

meat-processing and slaughterhouse wastewater is rich in 

recoverable nutrients and can support nitrogen and 

phosphorus uptake and biomass production through 

microalgal cultivation, indicating that livestock-related 

wastewater is not only a pollution carrier but also a potential 

nutrient resource [11]. Anaerobically treated slaughterhouse 

wastewater still contains residual organic matter, nitrogen, 

and phosphorus that can be utilized by microalgae and can 

support the growth of Chlorella, Scenedesmus, and their co-

cultures [12]. 

In terms of water quality, livestock wastewater is typically 

characterized by high COD, high ammonia nitrogen, high 

total phosphorus, and high suspended solids. Nitrogen in 

piggery wastewater and pig manure digestate is mainly 

present as ammonium, which can serve as a preferred nitrogen 

source for microalgae after appropriate dilution. In pig 

manure liquid digestate cultivation, when NH3 

concentrations were controlled at relatively low levels, 

microalgae such as Chlorella vulgaris and Isochrysis galbana 

reached high cell densities within 3-7 days, indicating that 

nitrogen, phosphorus, and trace elements in pig manure 

digestate can support algal growth [13]. In dairy lagoon 

wastewater, Chlorella sp. can grow mixotrophically under 

different dilution ratios and simultaneously remove 

ammonium, nitrate, and phosphate, indicating that dairy 

wastewater also has potential for nutrient recovery [14]. 

In addition to conventional nutrients, livestock wastewater 

exhibits composite pollution characteristics. Veterinary 

antibiotics, disinfectants, and metallic elements from feed 

additives can enter the wastewater with feces and urine, 

creating combined risks associated with organic pollution, 

nutrient pollution, and trace contaminants. Studies on swine 

manure wastewater have focused on the removal of veterinary 

antibiotics such as tetracycline, ciprofloxacin, and 

sulfadiazine, indicating that antibiotic residues have become 

an important indicator for evaluating treatment performance 

[10]. In high-rate algal ponds treating piggery effluent, 

variations in zinc concentration affected micropollutant 

removal by microalgal systems, suggesting that metals are not 

only water quality constituents but may also influence 

subsequent biological treatment processes [15]. Therefore, 

livestock wastewater should be understood as a composite 

pollution system rather than merely a matrix with excessive 

COD, nitrogen, and phosphorus. 

2.2. Applicability of Algal-Bacterial Systems 

for Livestock Wastewater Treatment 

Livestock wastewater is rich in nitrogen, phosphorus, 

organic carbon, and trace elements that can be utilized by 

microalgae and bacteria; therefore, it can serve as a nutrient 
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matrix for algal-bacterial growth and pollutant transformation 

[16]. Microalgae can assimilate inorganic nutrients such as 

NH4
+, NO3

-, and PO4
3- and convert them into cellular 

components, including proteins, chlorophyll, nucleic acids, 

and lipids, thereby linking wastewater purification with 

biomass production [17]. Bacteria can release CO2, low-

molecular-weight organic compounds, and inorganic 

nutrients through organic matter hydrolysis, mineralization, 

and respiration, providing substrates for microalgal 

photosynthesis and cellular synthesis [18]. This nutritional 

complementarity enables algal-bacterial systems to 

participate simultaneously in COD reduction, nitrogen and 

phosphorus transformation, and biomass accumulation, 

making them suitable for the treatment and recovery of 

nutrient-rich livestock wastewater [19]. 

From the perspective of real wastewater applications, algal-

bacterial systems show good adaptability to piggery 

wastewater, anaerobic digestion effluent, and mixed livestock 

wastewater [20]. In piggery wastewater, Chlorella vulgaris 

cultured in a membrane photobioreactor can continuously 

remove NH4
+, PO4

3-, and COD, indicating that microalgal 

systems can utilize nutrients in piggery wastewater and 

improve effluent quality [16]. Farm-scale studies have 

demonstrated that algal-bacterial consortia can be applied to 

piggery wastewater treatment while providing value for 

pollutant reduction and techno-economic evaluation, 

supporting their potential translation into practical application 

scenarios [21]. Wastewater-derived algal-bacterial 

communities can still treat real wastewater under short 

hydraulic retention times, indicating the feasibility of 

constructing algal-bacterial systems using microorganisms 

originating from the wastewater itself [18]. 

The applicability of algal-bacterial systems is also reflected 

in their consistency with resource-oriented utilization goals. 

Nitrogen, phosphorus, and organic carbon in livestock 

wastewater can be incorporated into algal-bacterial biomass, 

which can subsequently be used for anaerobic digestion, 

fertilizer production, biofuel generation, or other bio-based 

products depending on biomass composition [22]. The 

cultivation of Chlorella vulgaris JSC-6 in swine wastewater 

showed that microalgal treatment not only reduced COD and 

nutrient levels but also produced carbohydrate-rich biomass, 

providing a potential feedstock for fermentation products or 

energy recovery [23]. Therefore, the advantage of algal-

bacterial systems for livestock wastewater treatment lies not 

only in pollutant removal, but also in their capacity to convert 

wastewater nutrients into harvestable and further utilizable 

biomass resources [24]. 

2.3. Limiting Factors in Real Wastewater 

The composition of real livestock wastewater is strongly 

affected by animal type, manure collection method, washing 

water volume, anaerobic digestion conditions, and seasonal 

variation; therefore, suitability assessment based on ammonia 

nitrogen, organic matter, turbidity, and salinity is required 

before introducing wastewater into algal-bacterial systems [1]. 

High ammonia nitrogen is one of the most typical limiting 

factors in piggery wastewater and anaerobic piggery digestate, 

because excessive NH3/NH4
+ concentrations can inhibit 

microalgal growth and reduce nutrient transformation 

efficiency [25]. High COD and particulate organic matter can 

intensify heterotrophic bacterial competition and oxygen 

consumption, requiring algal-bacterial systems to maintain a 

balance among organic loading, photosynthetic oxygen 

supply, and bacterial degradation [26]. High color and 

suspended solids reduce light penetration and restrict 

microalgal photosynthesis and O2 release, making 

transparency improvement an important regulation strategy 

before high-strength livestock wastewater enters algal-

bacterial systems [27]. 

Pretreatment and loading regulation are key steps for 

improving the compatibility of real wastewater. For undiluted 

piggery wastewater, stepwise treatment can reduce the 

inhibitory effects of high ammonia nitrogen and high COD on 

microalgae, allowing ammonia-tolerant microalgae to 

progressively achieve organic matter and nutrient removal 

[26]. Integrated ammonia stripping and flocculation 

pretreatment can reduce NH4
+-N, turbidity, and part of the 

organic load in anaerobic digestion piggery effluent, thereby 

creating more suitable conditions for subsequent microalgal 

cultivation and nutrient recovery [28]. Pretreatment methods 

such as electrocoagulation, ammonia stripping, photo-Fenton 

oxidation, and constructed wetlands can reduce ammonia and 

organic toxicity in piggery wastewater, thereby decreasing 

dependence on large volumes of freshwater dilution [27]. 

Ozonation pretreatment can reduce the color of digested 

swine manure and improve photosynthetic oxygen production, 

indicating that oxidative pretreatment can alleviate light-

utilization limitations caused by dark-colored wastewater 

[29]. 

Native microorganisms and complex pollutants in real 

wastewater also affect the performance of algal-bacterial 

systems. Indigenous bacteria in non-sterile wastewater can 

participate in organic matter degradation, nitrogen 

transformation, and floc formation; therefore, their role 

should be regarded as part of algal-bacterial system 

construction rather than merely as external interference [30]. 

Veterinary drugs, metal elements, and other micropollutants 

may alter microbial community structures and pollutant 

migration pathways; thus, real wastewater evaluation should 

consider not only aqueous-phase reduction but also biomass 

enrichment and potential ecological risks [31]. Overall, the 

limiting factors in real wastewater do not weaken the 

applicability of algal-bacterial systems, but indicate that 

stable pollutant transformation and resource recovery require 

wastewater pretreatment, loading matching, algal-bacterial 

acclimation, and optimization of operating parameters [32]. 

3. Synergistic Mechanisms of Algal-
Bacterial Symbiotic Systems 

Algal-bacterial symbiotic systems are not simple mixtures 

of microalgae and bacteria, but complex biological systems 

formed by photosynthetic autotrophic metabolism, 

heterotrophic degradation metabolism, nutrient 

transformation, and extracellular polymeric substance-

mediated spatial structures. In livestock wastewater treatment, 

microalgae, bacteria, and wastewater pollutants interact 

through multiple material exchange pathways, including O2 

and CO2 exchange, nitrogen and phosphorus uptake and 

transformation, release and utilization of dissolved organic 

matter and growth-promoting substances, and aerobic-anoxic 

microenvironments within algal-bacterial flocs. Existing 

studies have shown that algal-bacterial systems can couple 

wastewater pollutant removal with resource transformation 

through microalgal photosynthetic oxygen production, 

bacterial organic matter degradation, nitrogen transformation, 

and biomass formation. 
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3.1. Oxygen-Carbon Dioxide Exchange 

Mechanism 

Oxygen-carbon dioxide exchange is the most fundamental 

metabolic interaction in algal-bacterial symbiotic systems. 

Under illumination, microalgae carry out photosynthesis, 

absorb CO2, and release O2; bacteria use the O2 released by 

microalgae to oxidize organic matter in wastewater and 

generate CO2 through respiration and organic matter 

mineralization, thereby providing an inorganic carbon source 

for microalgal photosynthesis. This gas exchange links 

microalgal photosynthetic autotrophy with bacterial 

heterotrophic degradation, allowing algal-bacterial systems to 

maintain organic matter oxidation and nutrient transformation 

under reduced external aeration [5]. The exchange of O2, CO2, 

and NH4
+ in microalgae-bacteria consortia is a key basis for 

their application in wastewater treatment and resource 

recovery, in which bacteria oxidize organic carbon to CO2 and 

microalgae subsequently assimilate CO2 into cellular biomass, 

forming a carbon transformation cycle [33]. 

Livestock wastewater contains abundant organic matter 

that can be utilized by bacteria, whereas conventional aerobic 

degradation usually relies on mechanical aeration. In algal-

bacterial systems, microalgal photosynthesis can provide 

oxygen for bacterial organic matter degradation and ammonia 

oxidation, thereby enhancing organic matter oxidation and 

nitrogen transformation. Studies on enhanced nitrogen 

removal by microalgae-bacteria symbiosis show that 

microalgal oxygen production can support nitrification, while 

internal organic carbon can serve as an electron donor for 

denitrification, indicating that gas exchange is closely linked 

to nitrogen removal [34]. Meanwhile, CO2 released by 

bacteria can alleviate inorganic carbon limitation during 

microalgal cultivation and improve microalgal biomass 

accumulation and nitrogen and phosphorus assimilation [35]. 

In addition, microalgae can fix part of the CO2 into biomass, 

while bacteria convert wastewater organic carbon into 

inorganic carbon and small-molecule substrates that are 

available to microalgae, creating multiple carbon 

transformation pathways within the system. Algal-bacterial 

consortia can be used not only for wastewater treatment but 

also for carbon fixation and resource recovery, thereby 

reducing the carbon emission pressure of treatment systems 

[36]. Therefore, O2-CO2 exchange is not only the basis for 

algal-bacterial symbiosis but also an important mechanism 

that differentiates algal-bacterial systems from conventional 

heterotrophic biological treatment. 

3.2. Nutritional Complementarity and 

Metabolic Interactions 

Microalgae can directly absorb inorganic nutrients such as 

NH4
+, NO3

-, NO2
-, and PO4 

3- and assimilate them into 

proteins, chlorophyll, nucleic acids, and phospholipids, 

whereas bacteria decompose complex organic matter in 

wastewater through hydrolysis, acidification, and 

mineralization, releasing small organic acids, amino acids, 

CO2, and inorganic nutrients that facilitate microalgal uptake 

[19, 37]. In livestock wastewater, large amounts of particulate 

organic matter and colloids are difficult for microalgae to use 

directly, while bacterial decomposition can convert them into 

substances that more readily participate in algal-bacterial 

metabolic cycles, thereby improving the utilization efficiency 

of organic carbon and nutrients. In addition to basic nutrient 

exchange, bacteria can influence microalgal growth by 

secreting vitamins, siderophores, phytohormone-like 

compounds, and extracellular enzymes. Many microalgae 

require micronutrients such as vitamin B12 and iron, and 

associated bacteria can enhance microalgal nutrient 

acquisition through metabolite supply or by promoting metal 

solubilization [38, 39]. Therefore, microalgae-bacteria 

interactions involve the exchange of inorganic carbon, 

organic carbon, oxygen, vitamins, and signaling molecules, 

which collectively influence microalgal growth, pollutant 

removal, and energy recovery. 

Microalgae can also influence bacterial community 

structures through the release of dissolved organic matter. 

During growth, microalgae release polysaccharides, amino 

acids, organic acids, and other extracellular metabolites that 

can be utilized by heterotrophic bacteria and promote the 

enrichment of specific bacterial taxa [40, 41]. Nutritional 

feedback and extracellular product exchange in algal -

bacterial consortia are important for maintaining symbiotic 

relationships and can promote the conversion of wastewater 

pollutants into resources such as biofuels, biofertilizers, and 

animal feed [42]. In livestock wastewater treatment, such 

metabolic interactions help transform organic matter, nitrogen, 

and phosphorus in the influent into algal-bacterial biomass, 

thereby achieving the dual goals of pollutant reduction and 

nutrient recovery. 

3.3. Extracellular Polymeric Substances and 

Algal-Bacterial Floc Formation 

Extracellular polymeric substances are important media for 

the formation of spatially stable algal-bacterial structures. 

Both microalgae and bacteria can secrete EPS, which mainly 

include polysaccharides, proteins, humic-like substances, 

nucleic acids, and lipids. These substances contain functional 

groups such as carboxyl, hydroxyl, amino, and phosphate 

groups, which can promote adhesion between algal and 

bacterial cells through electrostatic adsorption, hydrogen 

bonding, hydrophobic interactions, metal ion bridging, and 

complexation, thereby forming algal-bacterial flocs or 

biofilm structures [42, 43]. In livestock wastewater, EPS not 

only contribute to cell aggregation but also interact with 

suspended particles, organic pollutants, phosphate, and metal 

ions, influencing pollutant migration and immobilization. 

Compared with dispersed suspended microalgal cells, floc 

structures have larger particle sizes and stronger settling 

ability, which can reduce the difficulty of subsequent algal 

biomass harvesting [7]. In microalgae-bacteria consortia, 

bacteria can promote microalgal flocculation and thereby 

improve biomass recovery efficiency, which is an important 

advantage of algal-bacterial systems for wastewater resource 

recovery. Studies on microalgal-bacterial biofilms also show 

that these biofilms improve cell retention and biomass 

collection while providing more complex microenvironments 

for pollutant transformation [43]. 

EPS also serve as important interfaces for pollutant 

removal. Protein, polysaccharide, and humic-like 

components in EPS can immobilize heavy metal ions through 

complexation or adsorption [44], and their functional groups 

can also interact with phosphate, antibiotics, and some 

hydrophobic organic compounds [45-47]. EPS-mediated 

interfacial interactions facilitate the transfer of pollutants 

from the aqueous phase to the biomass phase and create 

conditions for subsequent biodegradation or resource-

oriented disposal. Thus, EPS are not only the “glue” that 

supports algal-bacterial structural formation but also a key 
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reactive interface for multi-pollutant removal in algal-

bacterial systems. 

3.4. Aerobic-Anoxic Microzones and Nitrogen 

Transformation 

Oxygen concentration gradients can form within algal-

bacterial flocs, biofilms, and granular structures, enabling 

different nitrogen transformation processes to occur 

simultaneously in distinct spatial regions of the same 

biological aggregate [48]. Under illumination, microalgae-

rich outer layers release O2 through photosynthesis, forming 

aerobic microenvironments favorable for organic matter 

oxidation, ammonia oxidation, and nitrite oxidation [49]. 

Because oxygen diffusion into the interior is limited and 

heterotrophic bacteria continuously consume O2, the inner 

zones of flocs or biofilms readily become low-oxygen or 

anoxic, providing spatial conditions for denitrification [50]. 

Such spatial stratification enables algal-bacterial systems to 

couple microalgal assimilation, bacterial nitrification, 

denitrification, and partial shortcut nitrogen transformation 

processes, thereby forming a multi-pathway nitrogen removal 

network [43]. 

During nitrogen transformation, microalgae can directly 

absorb NH4
+, NO3

-, and NO2
- and convert them into nitrogen-

containing cellular components such as proteins, chlorophyll, 

and nucleic acids [17]. Photosynthetic oxygen released by 

microalgae can support the activity of ammonia-oxidizing 

and nitrite-oxidizing bacteria, gradually converting NH4
+-N 

into NO2
--N or NO3

--N [51]. In low-oxygen or anoxic regions, 

denitrifying bacteria can use residual organic carbon in 

wastewater or endogenous carbon released from decayed 

algal-bacterial biomass as electron donors to reduce NO3
--N 

or NO2
--N to N2, thereby transferring nitrogen from the 

aqueous phase to the gas phase [52]. Therefore, nitrogen 

removal in algal-bacterial systems is not solely dependent on 

microalgal uptake but is jointly driven by assimilatory uptake, 

nitrification, denitrification, and biomass harvesting [53]. 

For livestock wastewater, the formation of aerobic-anoxic 

microzones can improve the diversity of nitrogen 

transformation pathways in high-ammonia wastewater. 

Livestock wastewater often contains high levels of NH4
+-N 

and organic nitrogen; if nitrogen enters biomass mainly 

through microalgal assimilation, subsequent removal still 

depends on harvesting algal-bacterial biomass. Oxygen 

gradients formed inside algal-bacterial flocs or biofilms can 

further promote nitrification-denitrification processes, 

allowing nitrogen to be removed from the aqueous phase 

through both biomass fixation and gaseous conversion [34]. 

Therefore, aerobic-anoxic microzones are not incidental 

features of algal-bacterial systems but key mechanistic 

foundations linking microalgal photosynthesis, bacterial 

nitrogen metabolism, and high-nitrogen wastewater 

purification [54]. 

4. Research Progress in Pollutant 
Removal from Livestock 
Wastewater by Algal-Bacterial 
Systems 

4.1. COD Removal 

Organic matter in livestock wastewater mainly originates 

from feces and urine, feed residues, washing water, proteins, 

lipids, and volatile fatty acids. It is typically characterized by 

high COD and a substantial biodegradable organic load, 

making organic matter reduction a fundamental objective of 

algal-bacterial treatment of livestock wastewater [16]. In 

algal-bacterial systems, complex organic matter is primarily 

hydrolyzed, acidified, and oxidatively decomposed by 

heterotrophic bacteria, while microalgae release O2 through 

photosynthesis to provide oxygen for bacterial organic matter 

degradation, forming a coupling between photosynthetic 

oxygen supply and heterotrophic degradation [18]. Pilot-scale 

piggery wastewater studies have demonstrated that algal-

bacterial consortia can significantly reduce soluble COD and 

validate the applicability of this system for treating high-

organic-load livestock wastewater at farm scale [21]. In 

anaerobically treated slaughterhouse wastewater, Chlorella, 

Scenedesmus, and their co-cultures can all reduce COD, with 

co-culture systems generally showing better organic matter 

removal and biomass accumulation [12]. In raw swine 

wastewater cultivation, appropriate supplementation with 

external carbon sources can promote microalgal growth and 

COD removal, indicating that the form and availability of 

organic carbon influence organic matter transformation 

efficiency in algal-bacterial systems [55]. 

4.2. Nitrogen Removal 

Nitrogen in livestock wastewater mainly occurs as NH4
+-N, 

organic nitrogen, and small amounts of NO2
--N and NO3

--N, 

among which NH4
+-N is both a preferred nitrogen source for 

microalgae and an important loading parameter affecting 

system operation [13]. Microalgae can directly absorb NH4
+, 

NO3
-, and NO2

- and convert them into nitrogen-containing 

cellular components such as proteins, chlorophyll, and 

nucleic acids; therefore, biomass harvesting is an important 

pathway for nitrogen removal in algal-bacterial systems [17]. 

Photosynthetic oxygen released by microalgae can support 

the activity of ammonia-oxidizing and nitrite-oxidizing 

bacteria, further converting NH4
+-N into NO2

--N or NO3
--N 

and linking algal assimilation with bacterial nitrification [56]. 

Low-oxygen microzones formed inside algal-bacterial 

aggregates or biofilms can provide suitable environments for 

denitrifying bacteria to reduce NO2
--N or NO3

--N to N2, 

thereby increasing nitrogen removal pathways from the 

aqueous phase [56]. In the cultivation of indigenous Chlorella 

sorokiniana using mixed domestic and livestock wastewater, 

appropriate adjustment of influent nutrient ratios promoted 

nitrogen removal and biomass accumulation, indicating that 

water quality composition is an important regulatory 

condition for improving nitrogen transformation efficiency 

[57]. 

4.3. Phosphorus Removal 

Phosphorus in livestock wastewater mainly exists as 

orthophosphate, particulate phosphorus, and organic 

phosphorus, among which soluble phosphate can be directly 

absorbed by microalgae and used for ATP, nucleic acids, 

phospholipids, and polyphosphate granule synthesis [58]. 

Microalgal photosynthesis consumes CO2 and can increase 

system pH, promoting phosphate precipitation with Ca2+ and 

Mg2+; therefore, phosphorus removal in algal-bacterial 

systems generally involves both biological assimilation and 

chemical precipitation [59]. Mixotrophic cultivation of 

Chlorella sp. in dairy wastewater showed that algal growth 

can simultaneously remove ammonium, nitrate, and 

phosphate, converting part of these nutrients into usable 

biomass [14]. In anaerobically treated slaughterhouse 
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wastewater, Chlorella and Scenedesmus co-cultures showed 

high removal capacity for total phosphorus and 

orthophosphate, indicating that algal co-cultures can be used 

for advanced purification of high-phosphorus livestock-

related wastewater [11]. In algal-bacterial systems, functional 

groups such as carboxyl, hydroxyl, amino, and phosphate 

groups in EPS can further promote phosphate immobilization 

and particle settling through adsorption, complexation, and 

bridging [60]. 

4.4. Antibiotic Removal 

Common antibiotics in livestock wastewater include 

tetracyclines, sulfonamides, fluoroquinolones, and 

macrolides, mainly originating from veterinary drug use, feed 

additives, and disease prevention and control [61]. Antibiotic 

removal by algal-bacterial systems is usually not a single 

biodegradation process but involves the combined effects of 

extracellular adsorption, cellular uptake, photodegradation, 

biotransformation, and cometabolism [62]. Pilot-scale 

photobioreactor studies on swine manure wastewater have 

shown that microalgae-bacteria consortia can remove not 

only organic matter and nutrients but also veterinary 

antibiotics such as tetracycline, ciprofloxacin, sulfadiazine, 

and sulfamethoxazole [10]. Comparative studies of open 

photobioreactors have shown that both microalgae-bacteria 

systems and purple phototrophic bacterial systems can 

remove various veterinary drugs from piggery wastewater, 

although removal efficiencies vary with hydraulic retention 

time, illumination, and pollutant properties [63]. Studies on 

algal-bacterial granular sludge show that microalgae can 

promote antibiotic removal and simultaneously decrease the 

abundance of some antibiotic-resistant bacteria and antibiotic 

resistance genes, suggesting the potential of algal-bacterial 

structures for coordinated antibiotic and ARG control [64]. 

Studies on sulfamethoxazole removal in algal-bacterial 

membrane-aerated biofilm reactors further demonstrate that 

antibiotic removal is accompanied by bacterial community 

responses and ARG changes; therefore, evaluations of 

antibiotic reduction should simultaneously consider target 

pollutants, microbial communities, and resistance risks [65]. 

4.5. Heavy Metals and Other Pollutants 

Removal 

Metal elements such as Cu, Zn, Mn, Fe, and As in livestock 

wastewater mainly originate from feed additives, veterinary 

drug use, feces and urine discharge, and washing of farming 

facilities. Among them, Cu and Zn are relatively common in 

piggery wastewater and its treatment residues [31]. Metal ion 

removal by algal-bacterial systems mainly depends on cell 

wall functional group adsorption, EPS complexation, ion 

exchange, bioprecipitation, and intracellular accumulation, 

with carboxyl, hydroxyl, amino, and phosphate groups 

serving as important metal-binding sites [66]. In 

photobioreactors treating piggery wastewater, microalgal 

biomass, bacterial EPS, and particle settling jointly influence 

the migration and distribution of Cu and Zn between the 

aqueous and biomass phases [67]. High-rate algal pond 

studies treating piggery effluent showed that Scenedesmus sp. 

systems can effectively reduce aqueous Zn concentrations, 

but high Zn exposure may also alter the metabolic status of 

algal-bacterial systems and the removal performance of 

micropollutants [15]. Because heavy metals cannot be 

completely mineralized by biological processes, their 

removal is mainly manifested as adsorption and 

immobilization, speciation transformation, and phase transfer. 

Therefore, the fate of metals in effluents, sediments, and 

algal-bacterial biomass and the associated risks of biomass 

valorization should be carefully evaluated [15]. 

In addition to heavy metals, livestock wastewater and its 

receiving environments may contain persistent organic 

pollutants, endocrine-disrupting compounds, microplastics, 

and their combined contaminants. These pollutants are 

usually present at low concentrations but have high 

environmental persistence, complex migration pathways, and 

potential interactions with organic matter, metal ions, or 

microbial biofilms [68]. The removal of persistent organic 

pollutants by algal-bacterial systems generally involves 

biosorption, bioaccumulation, cometabolic transformation, 

and enzymatic degradation, in which bacterial degradation 

capacity can be complemented by oxygen supply, organic 

metabolites, and attachment interfaces provided by 

microalgae [69]. For hydrophobic organic pollutants such as 

polycyclic aromatic hydrocarbons, microalgae-bacteria co-

cultures can promote pollutant transfer from the aqueous 

phase to the biotic phase and further transformation through 

algal cell surface adsorption, bacterial degradation, and algal-

bacterial interactions [70]. Endocrine disruptors such as 

bisphenol A, benzophenones, and parabens can be reduced in 

microalgal systems through adsorption, absorption, 

photodegradation, and biotransformation, with removal 

efficiency affected by pollutant structure, algal species 

composition, and light conditions [71]. After entering algal-

bacterial systems, microplastics can form heteroaggregates 

with algal cells, bacteria, and EPS, enabling aqueous removal 

through bioflocculation, surface adhesion, and settling [72, 

73]. Meanwhile, biofilms formed on microplastic surfaces 

may enrich bacteria, antibiotic resistance genes, and organic 

micropollutants; therefore, evaluation of microplastic 

removal by algal-bacterial systems should also consider their 

environmental behavior as composite pollution carriers [74]. 

Overall, the reduction of heavy metals, POPs, endocrine 

disruptors, and microplastics by algal-bacterial systems is 

mainly reflected in the combined effects of 

adsorption/immobilization, biotransformation, and phase 

transfer, and future studies should integrate pollutant fate, 

transformation product toxicity, and safe disposal of algal-

bacterial biomass [4]. 

5. Key Factors Affecting the Treatment 
Performance of Algal-Bacterial 
Systems 

5.1. Algal Species and Bacterial Community 

Composition 

Algal species and bacterial community composition 

determine the basic metabolic capacity of algal-bacterial 

systems and are the primary biological factors affecting 

livestock wastewater treatment performance [37]. Different  

microalgae vary in their tolerance to ammonia nitrogen and 

salinity, photosynthetic efficiency, nutrient uptake capacity, 

and EPS secretion, so algal strain selection should be matched 

with specific wastewater characteristics and treatment 

objectives [75]. Indigenous microalgae isolated from piggery 

wastewater are often highly adaptable to raw wastewater 

environments and can be used for nitrogen removal and 

subsequent algal-bacterial system construction [76]. In liquid 

anaerobic digestate treatment, Chlorella, Scenedesmus, 
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Chlamydomonas, and other algal species show different 

adaptability to high-ammonia and dark-colored wastewater, 

and species selection directly influences biomass 

accumulation and nutrient removal [77]. Bacterial community 

composition also influences system functions, as nitrifiers, 

denitrifiers, heterotrophic organic matter degraders, and algal 

growth-promoting bacteria participate in nitrogen 

transformation, organic matter mineralization, and microalgal 

growth promotion, respectively [51]. Real livestock 

wastewater contains abundant indigenous bacteria, and 

appropriate utilization of native microbial communities can 

facilitate the formation of algal-bacterial interaction systems 

more compatible with actual wastewater conditions [78]. 

5.2. Algal-Bacterial Inoculation Ratio 

The algal-bacterial inoculation ratio affects photosynthetic 

oxygen supply, heterotrophic degradation, nutrient 

competition, and bioflocculation and is an important 

operational parameter regulating the strength of algal-

bacterial interactions [79]. When the algal fraction is too low, 

photosynthetic oxygen production and nitrogen and 

phosphorus assimilation are limited; when the bacterial 

fraction is too high, heterotrophic oxygen consumption and 

shading may weaken microalgal growth advantages [80]. An 

appropriate algal-bacterial ratio helps maintain the O2-CO2 

exchange balance and promotes coordinated organic matter 

degradation, nutrient uptake, and particle settling [81]. 

Comparisons of different algae/sludge inoculation ratios 

show that this ratio significantly affects algal biomass growth, 

effluent quality, and biomass settling performance [80]. The 

algal-bacterial ratio can also alter cellular interactions and 

pollutant removal in membrane bioreactors, indicating that it 

is not only an inoculation parameter but also a key factor 

influencing subsequent community succession and reactor 

operation [82]. 

5.3. Light Conditions 

Light is the core environmental factor driving algal-

bacterial system operation because microalgal photosynthesis 

directly determines O2 release, CO2 fixation, and nutrient 

assimilation rates [83]. Insufficient light limits microalgal 

growth and photosynthetic oxygen production, thereby 

affecting bacterial organic matter degradation and 

nitrification [84]. Excessive light can cause photoinhibition or 

alter algal cellular energy allocation, reducing biomass 

accumulation and pollutant removal efficiency [85]. The 

light-dark cycle also affects algal-bacterial interactions, and 

suitable alternation between light and dark helps coordinate 

microalgal photosynthesis, bacterial respiration, and nitrogen 

and phosphorus transformation [86]. In pig-farming biogas 

digestate, light intensity, nutrient concentration, and N/P ratio 

jointly influence DO, pH, electrical conductivity, and algal-

bacterial community dynamics; therefore, light regulation 

should be considered together with wastewater loading [87]. 

5.4. pH, Temperature, and Dissolved Oxygen 

pH simultaneously affects microalgal physiological 

activity, ammonia nitrogen speciation, phosphate 

precipitation, and bacterial metabolism, making it one of the 

most important integrated environmental parameters in algal-

bacterial systems [88]. Elevated pH can promote phosphate 

precipitation with calcium and magnesium ions but can also 

increase the fraction of free ammonia, increasing stress on 

microalgae in high-ammonia wastewater [89]. Temperature 

affects microalgal photosynthesis, bacterial enzyme activity, 

and community structure; low temperature reduces metabolic 

rates, whereas high temperature may induce stress in algal 

cells or functional bacteria [90]. Dissolved oxygen links 

microalgal photosynthesis and bacterial respiratory 

metabolism, directly influencing organic matter oxidation, 

nitrification, and the formation of low-oxygen denitrification 

microzones [17]. Different combinations of aeration and 

illumination can alter nitrate and phosphorus removal kinetics 

in algal-bacterial systems, indicating that DO regulation 

should be optimized together with light cycles and gas supply 

[91]. 

5.5. Wastewater Pretreatment and Pollutant 

Loading 

Real livestock wastewater is often characterized by high 

ammonia nitrogen, high COD, high color, and high turbidity, 

and direct introduction into algal-bacterial systems can cause 

ammonia toxicity, light limitation, and organic loading shocks 

[26]. Dilution is a common approach to reduce ammonia 

nitrogen, color, and suspended solids, but excessive dilution 

increases water consumption and lowers nutrient recovery 

concentrations [27]. Pretreatments such as ammonia stripping 

and coagulation-flocculation can reduce ammonium and 

color and improve light conditions and nutrient utilization 

during subsequent microalgal cultivation [28]. Ozonation 

pretreatment can reduce the color of digested swine manure 

and increase photosynthetic oxygen production rates, 

indicating that oxidative pretreatment can alleviate the 

limitations imposed by dark-colored digestate on microalgal 

photosynthesis [29]. Pretreatment strategies should be 

selected based on wastewater pollution load, ammonia 

nitrogen concentration, turbidity, and resource recovery 

objectives; their core purpose is not simply to reduce pollutant 

concentrations but to create suitable light, nutrient, and 

microecological conditions for algal-bacterial synergistic 

metabolism [92]. 

6. Conclusions and Perspectives 

6.1. Conclusions 

Algal-bacterial symbiotic systems provide a biological 

treatment pathway for livestock wastewater that integrates 

pollutant reduction, nutrient recovery, and biomass 

valorization. Livestock wastewater is typically characterized 

by high organic loads, high ammonia nitrogen, high 

phosphorus, and composite contamination involving 

antibiotics, heavy metals, and antibiotic resistance genes. 

Algal-bacterial systems can achieve synergistic removal of 

multiple pollutants through microalgal photosynthesis, 

bacterial heterotrophic degradation, nitrogen and phosphorus 

assimilation and transformation, and EPS-mediated 

adsorption and flocculation. Compared with conventional 

aerobic biological treatment, oxygen released by microalgae 

can support bacterial organic matter degradation and nitrogen 

transformation, while CO2 and small-molecule nutrients 

released by bacteria can promote microalgal growth, forming 

a close metabolic complementarity. 

From the perspective of pollutant removal, algal-bacterial 

systems show good potential for reducing conventional 

pollutants such as COD, ammonia nitrogen, total nitrogen, 

and total phosphorus in livestock wastewater. Organic matter 

is mainly removed through bacterial hydrolysis, oxidation, 

and mineralization, with microalgae indirectly promoting this 
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process through photosynthetic oxygen supply. Nitrogen 

removal involves multiple pathways, including microalgal 

assimilation, bacterial nitrification-denitrification, and algal-

bacterial biomass harvesting. Phosphorus removal mainly 

depends on microalgal uptake, chemical precipitation, and 

EPS-mediated adsorption and immobilization. For antibiotics, 

antibiotic resistance genes, heavy metals, persistent organic 

pollutants, and microplastics, algal-bacterial systems can 

contribute to reduction through adsorption, complexation, 

biotransformation, photodegradation, and phase transfer, but 

their environmental fate and potential risks still require 

further clarification. 

The treatment performance of algal-bacterial systems is 

jointly affected by algal species and bacterial community 

composition, inoculation ratio, light conditions, pH, 

temperature, dissolved oxygen, wastewater pretreatment, and 

pollutant loading. Among these factors, algal species and 

bacterial communities determine the basic metabolic capacity 

of the system; light and dissolved oxygen influence 

photosynthetic oxygen production and nitrogen 

transformation; pH and temperature regulate pollutant 

speciation and microbial activity; and pretreatment and load 

matching determine the adaptability of real wastewater 

entering algal-bacterial systems. Therefore, algal-bacterial 

treatment of livestock wastewater is not a single biological 

reaction process but a complex ecological process jointly 

governed by wastewater characteristics, algal-bacterial 

interactions, pollutant transformation, and biomass utilization. 

6.2. Perspectives 

Future research should be further oriented toward real 

wastewater conditions and promote the transition of algal-

bacterial systems from experimental verification to 

continuous operation and practical application assessment. 

Many existing studies still focus on synthetic wastewater, 

diluted wastewater, or short-term cultivation, whereas real 

livestock wastewater is characterized by large fluctuations in 

water quality, high suspended solids and color, high ammonia 

loading, and complex pollutant composition. Therefore, long-

term studies using real piggery wastewater, dairy wastewater, 

poultry wastewater, and anaerobic digestate should be 

strengthened, with particular attention to treatment 

performance under different seasons, loading rates, and 

pretreatment conditions. 

Construction and regulation of algal-bacterial communities 

remain key directions for improving treatment performance. 

Future research should strengthen the screening of algal 

strains tolerant to ammonia, salinity, antibiotics, and heavy 

metals, while integrating indigenous bacterial acclimation, 

algal growth-promoting bacteria screening, and functional 

bacterial enrichment to construct algal-bacterial systems 

suitable for complex livestock wastewater environments. 

Rather than focusing solely on high removal efficiencies, 

future studies should pay more attention to functional 

differentiation, interaction relationships, and succession 

patterns within algal-bacterial communities, and identify the 

microbial groups that play key roles in organic matter 

degradation, nitrogen transformation, phosphorus 

immobilization, antibiotic transformation, and heavy metal 

adsorption. 

The fate of pollutants and ecological risk assessment 

require further investigation. For antibiotics, antibiotic 

resistance genes, heavy metals, POPs, and microplastics, a 

decrease in aqueous concentration does not necessarily mean 

complete removal or detoxification. Future studies should 

combine LC-MS, metagenomics, transcriptomics, 

metabolomics, stable isotope tracing, and toxicity assessment 

to clarify pollutant distribution among the aqueous phase, 

algal-bacterial biomass, and sediments, identify major 

transformation products and residual toxicity, and prevent 

pollutants from re-entering the environment through biomass 

valorization. 

Safe utilization of algal-bacterial biomass is a prerequisite 

for resource-oriented livestock wastewater treatment. Algal-

bacterial systems can convert nitrogen, phosphorus, and 

organic carbon in wastewater into biomass, but this biomass 

may also accumulate heavy metals, antibiotic residues, 

microplastics, or antibiotic resistance genes. Therefore, future 

studies should select differentiated utilization pathways 

according to pollutant enrichment levels in biomass, such as 

anaerobic digestion for biogas production, composting, 

fertilizer production, biochar preparation, or biobased 

material development, and establish corresponding safety 

evaluation and pollutant control standards. 

In addition, comprehensive benefit assessment of algal-

bacterial systems should be strengthened. Future studies 

should not evaluate performance solely based on COD, 

nitrogen, and phosphorus removal efficiencies, but should 

also incorporate energy consumption, greenhouse gas 

emissions, carbon fixation capacity, nutrient recovery 

efficiency, biomass productivity, operating cost, and 

environmental risk into a unified assessment framework. Life 

cycle assessment, carbon footprint analysis, and techno-

economic analysis can provide a more comprehensive 

evaluation of the practical value of algal-bacterial systems in 

low-carbon livestock wastewater treatment and circular 

agriculture. 
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