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Abstract
Interactions between bacteria and microalgae have been studied in natural environments and in industrial consortia.  As results of  co-evolution for millions of years in nature, they have developed complex symbiotic relationships, including mutualism, commensalism and parasitism, the nature of which is decided by mechanisms of the interaction. There are two main types of molecular interactions between microalgae and bacteria: exchange of nutrients and release of signalling molecules.  Nutrient exchange includes transport of organic carbon from microalgae to bacteria and nutrient nitrogen released from nitrogen-fixing bacteria to microalgae, as well as reciprocal supply of micronutrients such as B vitamins and iron. Signalling molecules such as phytohormones secreted by microalgae and quorum sensing molecules secreted by bacteria have been shown to positively affect growth and metabolism of the symbiotic partner.  However, there are still a number of potential microalgae-bacteria interactions that have not been well explored, including cyclic peptides, other quorum signalling molecules, and extracellular vesicles involved in exchange of genetic materials.  A more thorough understanding of these interactions may not only result in a deeper understanding of the relationships between these symbiotic organisms but also have potential biotechnological applications. Upon new mechanisms of interaction being identified and characterized,  novel bioprocesses of synthetic ecology might be developed especially for wastewater treatment and production of biofertilizers and biofuels.
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1. Background
[bookmark: _Hlk185944595][bookmark: _Hlk173918495]The relationship between bacteria and microalgae has been studied in the natural environment, especially marine ecosystems, as well as for microbial consortia in industrial settings (Ramanan et al., 2016).  The history of co-evolution between bacteria and microalgae is ancient, including endosymbiosis (Bennett et al., 2024; Matthews et al., 2023; Murphy and O’Neill, 2024).  This relationship is mediated by a broad range of interactions, including exchange of nutrients, quorum sensing, and even killing of one organism by another (Cirri and Pohnert, 2019).  However, mutualistic relationships have been a focus of research due to the potential for use in biotechnology, as co-cultured consortia of bacteria and microalgae can result in improved performance compared with monocultures of algae (Abate et al., 2024; Azarpour et al., 2022; Di Costanzo et al., 2023; Yarbro et al., 2024).
The mechanisms of interactions between bacteria and microalgae define the nature of their symbiotic relationships.  Symbiosis can be defined as a continuum ranging from mutualism, a relationship that benefits both organisms, to commensalism, which benefits one organism with few impacts on the other, and finally parasitism, which benefits one organism while harming the other.  Notably, this continuum is based on ecological and evolutionary conditions, and can shift based on these situations (Drew et al., 2021). While certain species of bacteria and microalgae have been observed to form mutualistic relationships, it should be noted that this is not necessarily that simple.  Some microalgae form mutualistic relationships with one bacterial species, but not another such as an observed mutual relationship between Chlamydomonas reinhardtii with Methylobacterium aquaticum, but an antagonistic one with the toxin-producing species Pseudomonas protegens.  It is also possible for a microalgal species to form completely different relationships with the same species of bacteria depending on the metabolites in the environment, such as Emiliania huxleyi and Phaeobacter inhibens, in which  P. inhibens can be mutualistic, except in the presence of E. huxleyi senescence signals, which can cause it to become pathogenic (Burgunter-Delamare et al., 2024).  These relationships can be mediated by the type of inorganic nitrogen sources available for the algae, such as nitrate or ammonium, which alter the levels of organic compounds released by microalgae (Perera et al., 2022).  Further, an optimal ratio of nitrogen to phosphorous enhances mutualistic interactions, while excess carbon instead leads to improved bacterial growth and inhibition of microalgal growth (Cao et al., 2020).  Finally, while these mutualistic relationships are formed by beneficial interactions, it should be noted that there may also be potential negative interactions, including competition for limited nutrients, predation or antagonism mediated by the release of bactericides or algicides (Amin et al., 2012; Eiler et al., 2012; Johnson et al., 2020).  In particular, bacterial algicide production has been shown to influence the composition of algae in the phycosphere, although the effect on this ecosystem is complex and requires further study (Meyer et al., 2017).
Symbiosis between bacteria and algae resulted from millions of years of co-evolution and can be divided into two main types: endosymbiosis and exosymbiosis.  Endosymbiosis is the engulfing and integration of one cell by a second organism to form a symbiotic relationship, while exosymbiosis, the more common type of symbiotic relationship, does not require the first organism to be inside the second.  In the early 20th century, the Russian microbiologist Mereschkovsky first proposed the theory of symbiotic origin of organisms (Kowallik and Martin, 2021).  The modern endosymbiotic theory was first described in 1967 by Lynn Margulis (then Lynn Sagan) (Sagan, 1967; Gray, 2017).  Endosymbiosis has been one of the major events in bacteria-algae coevolution (Bennett et al., 2024; Matthews et al., 2023; Murphy and O’Neill, 2024).  Endosymbionts were originally prokaryotic cells that were incorporated into eukaryotic cells, eventually forming organelles like chloroplasts and mitochondria for photosynthesis and energy production in the form of adenosine triphosphate (ATP), respectively (Bennett et al., 2024).  Co-evolution of bacteria with algae not only was important for endosymbiosis, but also for gene transfer which helped with adaptation to extreme environments (Ramanan et al., 2016).  
Exosymbiotic relationships developed first, mostly involving metabolites.  Symbiotic relationships in microorganisms, including endosymbiosis, are believed to have begun as exploitation of a host organism but developed into mutualism as both organisms adapted to benefit from the relationship (Sørensen et al., 2019).  The syntrophy hypothesis proposes that an exosymbiotic relationship developed between archaeal and bacterial cells involving metabolic exchange, a process referred to as syntrophy.  Over time, the larger organisms engulfed the smaller ones to maximize the efficiency of aerobic metabolic exchange, due to the presence of toxic O2.  A recent model proposed that endosymbiosis resulted from the interaction between an archaeon that produced hydrogen, a deltaproteobacterium with a sulfur reduction metabolism, and a versatile alphaproteobacterium.  These organisms would become the nucleus, cytoplasm, and mitochondria, respectively, of the earliest eukaryotic cells (López-García and Moreira, 2020).
Endosymbiosis can also be divided into primary and secondary events, namely: primary endosymbiosis, in which a eukaryotic cell  engulfed and integrated a prokaryote as an organelle, and secondary, where the endosymbiosis occurred between two eukaryotes, such as an alga endosymbiont within a different algal species (Keeling, 2010).  Around 1558 million years ago (mya), a primary endosymbiotic event occurred in which a cyanobacterium was engulfed by a heterotrophic eukaryotic ancestor and was retained as a plasmid.  The resulting photosynthetic eukaryotic organism became the first alga (Ramanan et al., 2016).  Over time, algae diverged into two different lineages, namely green and red algae, with some red algae (Rhodophyta) undergoing secondary endosymbiosis by being engulfed by a heterotrophic eukaryote.  The third major algal lineage, Glaucophyta, diverged from the other lineages earlier and did not undergo a secondary endosymbiotic event.  Some species of green algae within the clade Streptophyta began to develop into multicellular organisms that would become vascular plants (Embrophyta) around 450-470 mya (de Vries and Archibald, 2018).  An outline of the evolutionary process highlighting endosymbiosis events is shown in Figure 1.    
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Figure 1.  Algae evolution including primary and secondary endosymbiosis events.  Green lines represent the green algae lineage, while red lines represent the red algae lineage.  

It should be noted that, despite the development of endosymbiosis from exosymbiotic relationships, exosymbiosis remains ongoing between eukaryotes and prokaryotes.  While the history of coevolution of these organisms has not been well explored, primarily due to the high speed of evolution in prokaryotes, it is still important to consider as a driving force behind the development of mutualistic microbial relationships.  The coevolution of bacteria and microalgae has led to diverse interactions between different species, which are specific to their unique environments.  Therefore, most research tends to focus on specific symbiotic relations based on environmental factors, which will be the focus of this review.  The bacteria associated with green algae and plants are referred to as Plant Growth Promoting Bacteria (PGPB) (Timofeeva et al., 2023).  Specifically, the phylogenetic study by Ramanan et al. has shown that bacteria associated with green algae include Proteobacteria and Bacteroidetes (Ramanan et al., 2015) as well as with diatoms specifically (Kouzuma and Watanabe, 2015; X. Wang et al., 2024). Some algae-associated bacteria are similar to plant-associated bacteria, especially nitrogen-fixing rhizobia bacteria.  
[bookmark: _Hlk191631499]For use in industrial consortia, a common pairing is microalgae with growth-promoting rhizobia bacteria (Ridley et al., 2018).  Nitrogen-fixing bacteria can provide inorganic nitrogen (ammonium, nitrates, nitrites, etc.) fixed by the bacteria, as well as other nutrients, in exchange for organic carbon fixed by the algae (Kim et al., 2014; Villa et al., 2014).  This is based on marine microalgae that take up dissolved organic nitrogen released by cyanobacteria, which would be desirable for industrial consortia to reduce addition of exogenous nitrogen compounds to the media, thereby also reducing the cost (Sobolewska et al., 2023).  Other advantages include increased productivity of biomolecules like proteins and lipids (Fang et al., 2024).  
The molecular interactions controlling microalgae-bacteria symbioses are primarily the exchange of small molecules.  One early focus of microalgae-bacteria interactions was the class of B vitamins, especially vitamin B12 (cobalamin), which was studied by the group of Dr. Alison Smith at the University of Cambridge (Croft et al., 2005).  Nutrient exchange, especially nitrogen and carbon fixing as part of a direct exchange between a cyanobacterium (Candidatus Atelocyanobacterium thalassa) and a single-celled prymnesiophyte alga was first described in 2012 (Thompson et al., 2012).  
The aim of this review is to provide an overview of the known interactions between marine microalgae and their bacterial symbionts.  These interactions will be considered both from an evolutionary point of view as well as for their use in biotechnology.  Finally, the theory of synthetic ecology will be described for consortia of bacteria and microalgae that could generate new interactions between organisms or prevent unwanted interactions.  This approach also has the potential to expand the fundamental understanding of bacteria-microalgae relationships.

2. Microalgae-bacteria Interactions
Relationships between microbes are defined by ecological interactions, which can be chemical or physical (Meroz et al., 2024).  Exosymbiosis provides improved growth, leading to conserved relationships (Raina et al., 2018).  In marine environments, the bacterial microbiome regulates algal growth and changes to the microbiome are observed during algal blooms (Deng et al., 2022).  In an aquatic environment, these interactions are not constant, even between the same species of bacteria and microalgae, but dynamic.  For example, pollutants not only affect the individual species, but can also disrupt exchange of key molecules between algae and bacteria (You et al., 2021).  One of these mechanisms is that bacteria provide nutrients for microalgae.  These bacteria secrete a variety of molecules, including signalling compounds and nutrients into the environment, resulting in a microenvironment known as the “phycosphere”, which has been studied for both aquatic ecosystems as well as in photobioreactors (Mugnai et al., 2023).  
[bookmark: _Hlk191372347][bookmark: _Hlk191369212][bookmark: _Hlk191369117]The phycosphere provides numerous advantages for microalgae.  Mutualistic relationships offer protection from predators or invasion by competitors as well as enhanced growth rates (Hoeger et al., 2022).  For example, antibacterial compounds such as tropodithietic acid (TDA) can protect against predators (Lian et al., 2018), while heterotrophic bacteria in the phycosphere of Chlorella sorokiniana have been shown to increase its resistance to invasion by the cyanobacteria Microcystis aeruginosa (Schmidt et al., 2020). Bacteria also can provide protection from toxins such as heavy metals (Kaszecki et al., 2024) and from high salinity (T. Wang et al., 2024). In the context of industrial consortia, these communities can overcome space constraints (Martin et al., 2021) and enhance production of bioproducts in comparison to cultures containing algae alone (Yarbro et al., 2024).  In general, microbial consortia are also more robust than monocultures of microalgae, as they can more easily prevent biocontamination in open systems (Fisher et al., 2023).
The two main types of mutualistic interactions that have been observed between microalgae and their bacteria are exchange of nutrients or metabolites and quorum sensing (Sial et al., 2021).  An illustrated summary of these interactions is shown in Figure 2.  Nutrient exchange includes macronutrients that provide carbon and nitrogen, as well as micronutrients such as vitamins that can be vital for microalgae lacking the ability to synthesize them, referred to as auxotrophs (Fuentes et al., 2016).  Although quorum sensing has been a focus of research, this can be more broadly defined as the transmission and reception of signalling molecules, as phytohormones released by algae may also be important to consider for their impacts on bacteria.  Table 1 shows a summary of different classes of molecules involved in these relationships, including one or two examples of each class (Cirri and Pohnert, 2019).
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Figure 2: Two major classes of microalgae-bacteria interactions: nutrient exchange and signalling molecules.  

Table 1.  Molecules involved in microalgae-bacteria interactions 

	Nutrient exchange
	Class
	Name and Structure
	Function
	References

	
	Amino acids
	Tryptophan 	
	· Protein synthesis
· Indole-3-acetic acid (IAA) synthesis
	(Amin et al., 2015; Segev et al., 2016)

	
	B vitamins
	Thiamine (vitamin B1)
	· Cofactor for pyruvate decarboxylase, transketolase, pyruvate dehydrogenase enzymes 
	(Croft et al., 2005; Kazamia et al., 2012a, 2012b; Wienhausen et al., 2017; Hanson et al., 2018; Del Mondo et al., 2020)

	
	
	Niacin (vitamin B3)
	· Precursor of NADH and NADPH
· Cofactor for nitrate reductase in photoautotrophs
	

	
	
	Biotin (vitamin B7)
	· Cofactor for carboxylase and decarboxylase enzymes in carbohydrate and fatty acid metabolism
	

	
	
	p-Aminobenzoic acid (vitamin B9 precursor)
	· Precursor of folate (vitamin B9), which is involved in the synthesis of purines and one carbon metabolism 
	

	
	
	Cobalamin (vitamin B12)
	· Cofactor of methionine synthase and methyl malonyl CoA mutase
· Protective against heat stress
	

	
	Sulfur-containing osmolytes 
	Dimethylsulfonio-propionate (DMSP) 

Dimethylsulfoxonium propionate (DMSOP)
	· Sulfur source for bacteria
· Protection from oxidative stress in algae
· Downregulation of N-acyl-homoserine lactone synthesis
	(Amin et al., 2015; Landa et al., 2017; Raina et al., 2017; Kim et al., 2024)

	
	Iron Siderophore
	Cupriachelin

Bacterioferritin
	· Chelation of iron for transport across cellular membranes
	(Kurth et al., 2019; Kim et al., 2024)

	Signalling molecules
	N-acyl-homoserine lactones (AHLs)
	N-(3-oxodododecanoyl)-L-homoserine lactone (OXO12)

N-(3-hydroxyoctanoyl)-L-homoserine lactone 
(OH-C8-HL)
	· Quorum sensing molecule
· Increase production of saturated and monounsaturated fatty acids 
· Increase production of lipids on cell surfaces for removal of heavy metal pollutants
· Can undergo rearrangement to tetramic acids
	(Stock et al., 2020; Parveen and Patidar, 2023; Yu et al., 2024)

	
	Tetramic acids
	3-(1-hydroxydecylidene)-5-(2-hydroxyethyl)-pyrrolidine-2,4-dione 
(TA12)
	· Inhibit microalgal growth by decreasing efficiency of photosynthesis
	(Stock et al., 2019)

	
	2-Alkyl-4-quinolones
	2-Heptyl-4-quinolone
	· Inhibition of algal growth 
· Inhibition of cytochrome b6f complex in the presence of light
· Inhibition of cellular respiration in the absence of light
	(Dow et al., 2020; Garrett and Whalen, 2023; Meyer et al., 2017)

	
	Auxins
	Indole-3-acetic acid (IAA) 

Phenylacetic acid (PAA)
	· Enhance algal growth at low concentrations
· Inhibit algal growth at high concentrations 
· Protection from environmental stress in bacteria
	(Amin et al., 2015; Segev et al., 2016; Cheng et al., 2023; Wu et al., 2024)

	
	Polyamines
	Putrescine

Spermidine
	· Improve photosynthesis and cell proliferation
· Precursor of long-chain polyamines as components of diatom cell wall 
	(Kim et al., 2024; Nieves-Morión et al., 2023)

	
	Algicides

	Roseobacticide B

N-9-hexadecenoylalanine methyl ester

Orfamide A
	· Algicidal activity
· May be induced from mutualistic bacteria in response to senescence signals
	(Meyer et al., 2017; R. Wang et al., 2022)

	
	Senescence signals 
	p-Coumaric acid

Sinapic acid
	· Mediates algicidal activity in bacteria
	(Park et al., 2022; R. Wang et al., 2022)

	
	S-adenosyl-methionine 
	4,5-dihydroxy-2,3-pentanedione
	· Biosynthetic pathway of quorum sensing molecules autoinducer-2 (AI-2) and AHLs
· Biosynthetic pathway of ethylene which enhances microalgal growth
	(Chegukrishnamurthi et al., 2022; Qiao et al., 2022; Orozco-Mosqueda et al., 2023)

	
	Bacterial Antibiotics
	Tropodithietic acid (TDA)
	· Changes to bacterial motility and biofilm formation
· Quorum sensing signalling 
	(Dittmann et al., 2019; Seyedsayamdost et al., 2011b)

	
	Diketo-piperazines (DKPs)
	Cyclic-L-Pro-L-OMet  
((3S,8aS)-3-propan-2-yl-2,3,6,7,8,8a-hexahydropyrrolo[1,2-a]pyrazine-1,4-dione) 

Cyclic-L-Val-ΔAla 
(3-methylene-6S-(1-methylethyl)-2,5-piperazinedione)
	· Enhancing algal growth
	(Sittmann et al., 2021)

	
	Cyclic diguanosine monophosphate
	Bis-(3′-5′)-diguanylic acid (c-di-GMP)
	· Improves bacterial adhesion to algae surface
· Increase polysaccharide exchange 
	(Ji et al., 2018)



Techniques for studying these interactions include metabolomics approaches (Daly et al., 2022)   with the use of mass spectrometry as well as proteomics (Schlogelhofer et al., 2021).  More recent approaches encompass 16S rRNA sequencing, which may provide insight into patterns of associations that cannot be explained by simpler methods of taxonomic profiling (Pushpakumara et al., 2023).   
Although there is clear evidence of the mutualistic relationships between microalgae and bacteria, there is still limited information on the mechanisms controlling these relationships (Aditya et al., 2022).  For example, while levels of metabolites and signaling molecules have been correlated with growth of microalgae and bacteria, the processes by which these interactions lead to long-term effects on the system are unknown.  Further, the effects on bacterial growth and algal growth both need to be studied, as the growth of both organisms will be affected by their symbiotic relationships.  These associations are a result of evolutionary pressure, which led to beneficial effects for both organisms. 
This review will examine these interactions by dividing them into the broad categories of nutrient exchange and cell signalling.

2.1. Nutrient Exchange
One of the key types of interactions between microalgae and bacteria is nutrient exchange, namely, exchange of nutrients that one organism can provide to the other (Tong et al., 2023).  Evolutionarily, the earliest nutrient exchange relationships between algae and bacteria to develop were nitrogen and carbon fixing (Ramanan et al., 2016). 
[bookmark: _Hlk191288308][bookmark: _Hlk191288301][bookmark: _Hlk191288489][bookmark: _Hlk191458614]Nitrogen is necessary for many cellular processes in microalgae, including photosynthesis and protein synthesis, but many species of microalgae cannot themselves fix atmospheric N2 into a usable form, relying instead on nitrogen-fixing organisms in the environment such as rhizobia bacteria.  In marine environments, cyanobacteria are often responsible for nitrogen fixing (Zehr, 2011).  However, a recent study has found that the rhizobia bacterium Candidatus tectiglobus diatomicola can fix N2 for diatoms such as Haslea in marine water while benefiting from the organic carbon produced by diatoms (Tschitschko et al., 2024).  The nitrogen fixed by the bacteria was confirmed to be transferred to the diatoms, while the carbon fixed by the diatoms was transferred to the bacteria, as shown by nanoscale secondary ion mass spectrometry (nanoSIMS) using 15N and 13C enrichment.  Intriguingly, this may account for the presence of nitrogen fixation in marine waters with low levels of cyanobacteria, although further research would be required to confirm this.  Ammonium released from methylamine degraded by bacteria can also be used as a nitrogen source for diatoms (Suleiman et al., 2016). Methylamine is common in seawater from the breakdown of organic compounds such as proteins, and bacteria have been shown to use it as a carbon or nitrogen source.  Although microalgae cannot directly use methylamine, the catabolic product ammonium (NH4+) can be released by bacteria, such as those in the Rhodobacteraceae family, and used by marine diatoms such as Phaeodactylum tricornutum, Amphora coffeaeformis, and Thalassiosira pseudonana (Zecher et al., 2020).   As part of biotechnological consortia, nitrogen fixing bacteria such as Azotobacter spp. and Azospirillum spp have also been studied for their ability to reduce the costs of added nitrogen in the microalgae growth media (Llamas et al., 2023).  
Similarly, bacteria can use organic carbon obtained from microalgal carbon fixing from CO2, as has been shown for consortia containing Chlorella sp., Scenedesmus sp., Pediastrum sp., and Phormidium sp. (Kong et al., 2024).  In mutualistic interactions, this organic carbon as well as organic nitrogen are exchanged for remineralized carbon and nitrogen that the algae can utilize (Mayali et al., 2023).  Further, bacterial consortia have also been shown to enhance the carbon fixing effects, which is advantageous for bacterial growth, while simultaneously improving the synthesis of microalgal metabolites for bioproducts (González-González and de-Bashan, 2021).  As an example of this process in a co-culture, methanotrophic bacteria utilized fixed CO2 as well as methane (CH4) (Ruiz-Ruiz et al., 2024).  The aerobic respiration by these bacteria was then promoted by the production of O2 by microalgal photosynthesis, while the release of CO2 c benefited the autotrophic microalgae.  Different species of carbon-fixing bacteria would affect the ability of the microalgae-bacteria community to fix CO2, which showed the importance of the symbiotic relationship for the carbon fixing process (Yu et al., 2023).
Bacteria that use anaerobic respiration require a sulfur source instead of oxygen, which can be provided by microalgae.  DMSP (Dimethylsulfoniopropionate) is released from algae and used by bacteria as a sulfur source (Amin et al., 2015; Kim et al., 2024).  Algae take up sulfate, use it for the sulfur-containing amino acids methionine and cysteine, and release DSMP as a byproduct, which is then broken down into DMS (dimethylsulfide) by bacteria.  In algae, DMSP is localized to the cytoplasm, vacuoles, and chloroplasts and can be used as protection from oxidative stress by scavenging hydroxyl radicals (•OH), and from osmotic stress (Raina et al., 2017).  The marine bacterium Roseibium RMAR6-6  can produce DMSP, and has been shown in co-cultures with the microalgae Porphyridium purpureum to upregulate genes associated with response to oxidative stress  (Kim et al., 2024).  A pathway that is less described has been shown to use dimethylsulfoxonium propionate (DMSOP) as a precursor for DMSO.  This pathway relies on DMSOP released from algae, which is then metabolised by bacteria into DMSP (Amin et al., 2015)
It should be noted that nutrient exchange interactions are not static but dynamic, even between individual bacterial and microalgal species, and react to changes based on environmental and developmental factors (Cooper and Smith, 2015).  For example, attached bacteria in biofilms were shown to differ from planktonic bacteria in their response to excess nitrogen (N), phosphorous (N), or carbon (C) content (Cao et al., 2020).  However, high levels of dissolved P led to increased DON (dissolved organic nitrogen) from algae.  As a result, an optimal ratio of dissolved N:P was necessary for a mutualistic relationship between bacteria and algae.
In addition to macronutrients, metabolites also include micronutrients such as vitamins and minerals such as iron.  These metabolites can either encourage growth or provide a necessary nutrient for a species that has lost the ability to synthesize it.  Some of these metabolites will be described below.
[bookmark: _Hlk178422120]A siderophore is an organic compound used by microbes such as bacteria to chelate iron and allow it to be transferred into cells (Kramer et al., 2020).  Cupriachelin, a lipopeptide siderophore produced by the freshwater bacterium Cupriavidus necator, has been found to provide iron for the diatom Navicula pelliculosa, which is known to provide C. necator with carbon sources (Kurth et al., 2019).  Further, cupriachelin biosynthesis was upregulated not only when the bacteria were in low-iron environments, but also on addition of supernatants taken from N. pelliculosa culture.  The production of another siderophore secreted by bacteria, bacterioferritin, has also been shown to be upregulated in cocultures of Roseibium and P. purpureum (Kim et al., 2024).  
Some species of microalgae cannot synthesize B vitamins on their own and rely on external vitamins or precursor molecules.  For example, 306 species of microalgae require the addition of vitamins B1, B7, and B12 to their growth media (Coronado-Reyes and González-Hernández, 2023).  These vitamins can be synthesized by symbiotic bacteria.  For example, B12 from bacteria can be used to supplement growth of microalgae (Bunbury et al., 2022; Grant et al., 2014; Pereira et al., 2019).  This can result in mutualism of algae dependent on B12 (cobalamin) with B12-producing bacteria (Bunbury et al., 2022; Costas-Selas et al., 2024).  In addition to the benefits to symbiotic microalgae, B12 has also been shown to protect bacteria at high temperatures, including those in the environment incapable of producing it themselves (Brisbin et al., 2023).  Other B vitamins that have been demonstrated to be synthesized by bacteria and used by microalgae include thiamine (B1) (Wienhausen et al., 2017), niacin (B3), biotin (B7), and p-aminobenzoic acid, a precursor of folate (B9) (Cooper et al., 2019).  Similarly, Scenedesmus quadricauda has been shown to be associated with a number of bacteria, including species of Variovorax and Porphyrobacter which provide B vitamins to the algae in exchange for organic carbon (Astafyeva et al., 2022).
It should be noted that the spatial and temporal dynamics of diffusion play a role in how these nutrients control microbial growth (Peaudecerf et al., 2018).  If the bacteria were planktonic with uniform dispersity of cells, these interactions should be identical.  Instead, the speed and ease with which nutrients can diffuse to/from the bacterial cells can result in dramatic changes to the dynamics of these interactions, especially with respect to bacterial biofilms.

2.2. Signalling Molecules 
Microbial molecular signalling pathways can impact cell growth and division in response to environmental factors such as population density, the presence of other organisms, antimicrobial agents and nutrient concentration (de la Fuente et al., 2024; Huang et al., 2020).  In bacteria, signalling molecules are released in a phenomenon referred to as quorum sensing (QS), primarily due to population density of bacterial cells (Mukherjee and Bassler, 2019). Similarly, plant hormones, known as phytohormones, have also been shown to be key signalling molecules in green algae as well as land plants (Stirk and van Staden, 2020).  Both QS compounds and phytohormones have been shown to be key signalling molecules in microalgae (Mukherjee and Bassler, 2019; C. Wang et al., 2022a).

2.2.1. Quorum Sensing (QS)
[bookmark: _Hlk191287714]QS can alter growth and metabolic processes, including the cell cycle and photosynthesis, as well as affecting nutrient uptake, which influences the nutrient exchange discussed above (Dow, 2021).  Gram-positive bacteria use autoinducer peptides (AIP) for QS signalling (Prazdnova et al., 2022).  Gram-negative bacteria, by contrast, use small molecules such as N-acyl-homoserine lactones (AHLs) and autoinducers like AI-2 (Xiao et al., 2022; Zhang et al., 2020).  However, this signalling is not controlled only by the bacteria, but also by the microalgae, through degradation or AHL mimics that can interfere with QS by resulting in contradictory signals (Zhou et al., 2016). During algal blooms, QS signalling has been shown to affect the symbiotic bacteria that can encourage the rapid algal growth (Zhu et al., 2022).  Finally, some of these QS signals are directly algicidal (R. Wang et al., 2022).

2.2.1.1. N-acyl-homoserine lactones (AHLs)
[bookmark: _Hlk191634497][bookmark: _Hlk170552999]Diatoms can interact with AHLs which, as QS molecules, are used for cell-to-cell communication that can alter gene expression (Stock et al., 2020).  In Gram-negative bacteria, AHLs have been shown to affect bacterial communities, production of biofilms, and metabolism (Galloway et al., 2012; Wang et al., 2021).  The addition of two key QS precursors N-(3-Oxododecanoyl)-L-homoserine lactone (OXO12) & N-(3-Hydroxyoctanoyl)-DL-homoserine lactone (OH-C8-HL) to Chlorella microalgae resulted in increased production of fatty acids and lipid metabolism, in particular, increasing synthesis of saturated and monounsaturated fatty acids (Parveen and Patidar, 2023).  The addition of 1 mL/L OXO12 in culture media increased biomass productivity from 6.76 ± 0.04 mgL-1day−1 to 13.26 ± 0.14 mgL-1day−1 in 100 µM OXO12 in xenic culture conditions.  The lipid productivity increased from 1.60 ± 0.03 mgL-1day−1 to 7.22 ± 0.08 mgL-1day−1 in 100 µM OXO12 in xenic culture, with the highest saturated and monounsaturated fatty acids found in OXO12 treated cells, with a cetane number of 64.67 ± 2.68.  AHLs have also been shown to be involved in aggregation of bacterial cells, referred to as flocculation, which can be used for wastewater treatment (H. Wang et al., 2022).  While AHLs can directly affect microalgae, they can also chemically rearrange into tetramic acids, which can inhibit microalgal growth by decreasing photosynthetic efficiency (Stock et al., 2019). However, the exact details of AHL interactions in microalgae are still not well explored.  Further, microalgae can inhibit AHL signalling through enzymatic degradation or release of AHL mimics (Su et al., 2019).  In addition to being a source of sulfur and carbon, DMSP also results in downregulation of AHL synthesis, which could have indirect downstream effects via QS (Landa et al., 2017).  Although AHLs have been studied for algal-bacterial interactions, other QS signalling remains underexplored.

2.2.1.2. N-acyl-homoserine lactones (AHLs)
In addition to AHLs, 2-alkyl-4-quinolones used as bacterial QS signals can also inhibit growth of microalgae.  For example, 2-heptyl-4-quinolone (HHQ), which is produced by marine bacteria such as Pseudomonas, has been demonstrated to inhibit growth of P. tricornutum (Dow et al., 2020).  This growth inhibition was determined to occur through two main mechanisms: inhibition of the cytochrome b6f complex preventing electron transport in photosynthesis in the presence of light, as well as inhibition of cellular respiration in the absence of light, decreasing the available concentration of ATP.  2-heptyl-4-quinolone can also stop cell division in E. huxleyi through inhibition of dihydroorotate dehydrogenase (DHODH), as well as other mechanisms that have not been well described (Garrett and Whalen, 2023).

2.2.2. Phytohormones
Another form of cell signalling uses phytohormones, which are secreted by plants as well as microalgae (Lu and Xu, 2015).  While phytohormones have been well studied in vascular plants, genes and proteins involved in the synthesis or signalling pathways of phytohormones have also been detected in microalgal phyla such as Chlorophyta and Streptophyta.  Phytohormones have therefore been suggested as potential improvements for microalgae cultivation through genetic modification of microalgae (Han et al., 2018).  

2.2.2.1. Indole-3-acetic Acid (IAA) and Phenylacetic Acid (PAA)
A notable class of phytohormones, particularly within microalgae, are auxins such as indole-3-acetic acid (IAA), which have also been shown to be produced by bacteria and act as hormones on algae (Lin et al., 2022). The general structure of auxins includes an aromatic ring and carboxylic acid group (Enders and Strader, 2015).  In vascular plants, auxins are involved in signalling pathways that control plant development and growth (Yu et al., 2022).  In algae, auxins can promote algal growth at low concentrations but lead to reduced growth and cell death at high concentrations (Cheng et al., 2023).  An example of the IAA signalling pathways between the bacteria M. aquaticum and the algae C. reinhardtii, as well as land plants, is shown in Figure 3 (Calatrava et al., 2024).  In this system, IAA is synthesized from the amino acid tryptophan via the protein L-amino acid oxidase (LAO1).  As a result of the mutualism between C. reinhardtii and M. aquaticum, the bacteria can degrade IAA, thereby preventing the algal growth inhibition and enhancing the growth of bacteria, algae, and plants.  Another example of auxin signalling was illustrated for the previously described exchange of B vitamins between Variovorax bacteria and the alga S. quadricauda (Astafyeva et al., 2022). However, the molecular mechanisms of auxin regulation in algae have not been well explored.  

[image: ]
Figure 3.  Illustration of effects of bacterial IAA on algal and plant growth.

In bacteria, IAA has other roles beyond those in plants, including resilience to stresses such as salinity, acidity, UV radiation, reactive oxygen species (ROS), and heat, but the regulation of bacterial IAA biosynthetic pathways is less well understood (Etesami and Glick, 2024).  IAA is involved in establishing symbioses of microalgae with nitrogen fixing bacteria and fungi.  The amino acid tryptophan is not only necessary for protein synthesis, but also a precursor for the formation of auxins in bacteria (Amin et al., 2015; Segev et al., 2016).  Bacterial synthesis of IAA from tryptophan has also been demonstrated to be secreted into the environment, enhancing microalgal growth (Cheng et al., 2023; Zhang et al., 2022).  Figure 4 shows a summary of interactions between the diatom Pseudo-nitzschia spp. and Sulfitobacter including IAA secretion.   
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[bookmark: _Hlk177487479]Figure 4.  Model of interactions between the diatom Pseudo-nitzschia spp. and Sulfitobacter identified from transcriptomics and targeted metabolomics.  Reproduced from (Amin et al., 2015) with permission from Springer Nature. 

[bookmark: _Hlk176776221]IAA signalling can also lead to a positive feedback loop as the microalga produces more tryptophan as a substrate for the bacterial synthesis of IAA (Amin et al., 2015).  IAA also affects cyclins, which regulate the cell cycle.  Fewer gene transcripts were found for enzymes in the TCA cycle in microalgae but an increase of photosynthesis-associated gene transcripts (photosystem II (psbB), light-harvesting proteins (LHCA4, LHCF4), fucoxanthin, and enzymes in the Calvin cycle were instead observed.  This suggests that IAA enhanced carbon fixation instead of cellular respiration.  On the other hand, additional transcripts involved in uptake of taurine (tauABC) and catabolism to acetate (tpa, xsc, ackA) were detected.  Acetate can then feed into the citric acid cycle, resulting in increased metabolic activity in bacteria.  

Another auxin that can promote microalgae growth is phenylacetic acid (PAA), the anion form of which is phenylacetate.  In addition, PAA has been demonstrated to be an intermediate metabolite involved in the degradation of aromatic compounds in bacteria (Jiao et al., 2022).  However, the PAA catabolism pathway is also connected to QS as well as development of antibiotic resistance (Kim et al., 2024).

2.2.2.2. Polyamine Phytohormones 
Polyamines, such as putrescine, improve photosynthesis and cell proliferation in both land plants and microalgae, while protecting against stress (González-Hernández et al., 2022; Lin and Lin, 2019).  The alga-associated bacterium, Roseibium RMAR6-6 has been shown to release putrescine, which can enhance the growth of the microalgae Porphyridium purpureum CCMP1328 (Kim et al., 2024).  A summary of the phycosphere interactions between these organisms is shown in Figure 5, including the exchange of putrescine, nutrients, vitamins B7 and B12, and iron.  Spermidine, a polyamine produced as part of the urea cycle in diatoms, has been found to be a target of a transport protein of Richelia euintracellularis, a nitrogen-fixing endosymbiont of the diatom Hemiaulus hauckii (Nieves-Morión et al., 2023).  While spermidine can serve as a precursor of long-chain polyamines for production of the frustule (silicon-containing cell wall) of diatoms, the related molecule homospermidine is needed to complete heterocyst differentiation in cyanobacteria.  Other polyamines have been shown to be used in Anabaena cyanobacteria when homospermidine synthesis has been inactivated (Burnat et al., 2018). The authors therefore suggested that spermidine released by the diatom may be able to play the same role, although this behaviour has not been investigated in Hemiaulus hauckii.
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Figure 5.  Phycosphere interactions, including putrescine, for microalga Porphyridium purpureum CCMP1328 (green), and alga-associated bacterium, Roseibium RMAR6-6 (pink).  

2.2.3. Algicides 
These signalling interactions are not exclusive to mutualistic relationships.  For instance, the microalgae E. huxleyi also release p-coumaric acid as a senescence signal (Segev et al., 2016). Bacteria such as Phaeobacter inhibens can then respond to this signal with the release of algicidal roseobacticides, first reported in their algal-bacterial ecological context in 2011 (Seyedsayamdost et al., 2011a), which kill the senescent microalgal cells for their nutrients, especially micronutrients limited in the environment like iron (R. Wang et al., 2022).  As a result, the symbiotic relationship between E. huxleyi and P. inhibens can alternate between a mutualistic phase, in which nutrient exchange  and beneficial signalling occurs, and a parasitic phase, in which both organisms induce oxidative stress using toxic compounds.  This behaviour serves as a reminder that mutualistic bacterial symbionts are not defined by species, but by a dynamic series of interactions, so that even mutualistic relationships can result in parasitism if the conditions change.  
On the other hand, the complex interactions in marine ecosystems can also lead to protection from algicides.  For example, the bacterium Pseudomonas protegens releases several algicidal compounds, including the cyclic lipopeptide orfamide A, which can inhibit the cilia of the alga C. reinhardtii, preventing its escape from the predatory P. protegens (Rose et al., 2021).  When the bacterium Mycetocola lacteus was added to this system, it became a mutualistic symbiont that protected C. reinhardtii by cleavage of orfamide A, which allows the alga to retain its motility and physically escape (Flores et al., 2024).  In exchange, M. lacteus can utilize vitamins B1, B3, and B5, as well as methionine as a source of sulfur.  It is therefore crucial to consider the microalgae-bacteria relationship as a dynamic system that can vary in the type of symbiosis based on the growth conditions and community composition, which is one of the major challenges for specific and controlled biotechnological applications.

3. Synthetic Ecology
Microalgae/bacteria consortia for biotechnology could be used to generate products (biorefinery) or degrade pollutants (environmental remediation).  Using microalgae, a biorefinery platform can be cheaper and produce less waste compared to chemical synthesis (Ibrahim et al., 2023; Okeke et al., 2022; Novoveská et al., 2019).  The simplest method for using microalgae would be an axenic monoculture – i.e. a single species of algae grown in a sterile environment.  However, a monoculture will be less effective than the alga in its natural ecosystem for several reasons, such as necessary metabolites that would need to be added to the growth media instead of being provided by specific bacterial species.  Further, as existing co-cultures of microalgae and mutualistic bacteria based on in situ (naturally occurring) ecosystems are not optimized for a specific goal, but rather exist in a balance to ensure the survival of each species, a synthetic system could be designed to focus on production of specific products for biotechnology, such as lipids for biofuel or antioxidants as high added value compounds.  Environmental remediation with biological organisms, also known as bioremediation, can be used to remove harmful organisms such as bacteria and absorb pollutants such as heavy metals (Dangi et al., 2019; Hlihor et al., 2017).  Manipulation of microbial biodiversity has been well-established as a technique to improve performance of biotechnological systems (Augelletti et al., 2019). A lot of research uses natural ecosystems or environments as a starting point for a constructed confined environment, such as a bioreactor.  Marine microalgae and bacteria already have naturally established symbiotic relationships, and, therefore, co-cultivation is already easier.  Further, since there are interactions that are not well explained or defined, there are many benefits that may not even be known but increases in metabolite production and biomass growth are observable.  While these are based on natural environments, there are strategies that can be used in this technique to optimize the growth of one or more species, especially using existing mutualist relationships.  However, instead of attempting to reproduce and maintain existing relationships, a second approach has also been proposed, which is to design synthetic consortia starting from microbial isolates.  This new strategy has been termed synthetic ecology (or “synecology” when based on a holistic systems view) as it focuses on the local dynamics of a synthetically designed co-culture to encourage specific interactions and prevent contamination by other microorganisms (Kazamia et al., 2012a; Stenuit and Agathos, 2015).
To achieve a stable community, several factors would need consideration, including nutrients and the species of microalgae and bacteria required.  Some of the practical advantages of synecology are traits that are generally desirable, such as robustness, stability, and resilience in confined environments like bioreactors.  However, there are also interactions that have been less explored or simply not found to be present in existing consortia.  Finally, while the concept of synthetic ecology was derived from biotechnology, synthetic ecological methodologies also allow for in vitro modelling that can address fundamental research questions about these inter-organism interactions such as stability of the biodiversity of these ecosystems (Awasthi et al., 2014) and the inter-species mechanisms interactions, including those described above (Guo and Boedicker, 2016; Yu et al., 2017).  Therefore, in the next sections this review will discuss potential new interactions that could be investigated for use in ecological/biotech applications as well as the ongoing development of microalgae-bacteria consortia that have been already developed for biotechnological applications.

3.1. Identification of Potential Microalgae-bacteria Interactions 
One of the advantages of synthetic ecology strategies is to identify new interactions for future study in a controlled environment, rather than relying on natural relationships.  These interactions could either be new targets for enhancing the activity of biotechnological systems or provide new mechanistic insights.  A few examples of microalgae-bacteria interactions that have been observed but not well studied are given below.

3.1.1. Other QS Signalling
While AHLs have been investigated for their effects on QS signalling for microalgae-associated bacteria, there are other mechanisms that have received less attention.  S-adenosylmethionine (SAM) is involved in the biosynthetic pathway of autoinducers (Papenfort and Bassler, 2016).  AI-2 is an autoinducer comprised of multiple molecules derived from 4,5-dihydroxy-2,3-pentanedione (DPD) that can convert between different forms (Qiao et al., 2022).  LuxS and two other genes were shown to be involved in recycling of SAM, including production of AI-2 (Schauder et al., 2001). SAM is also used in the synthesis of AI-2 and AHLs.  Therefore, SAM may be a connection point by which many of these pathways can be studied in bacteria.  SAM is also converted by ACC synthase into ACC (aminocyclopropane-1-carboxylic acid), which is involved in the ethylene biosynthetic pathway.  Although there has been little research on this topic, there is some evidence for the influence of ethylene on microalgae, as well as in land plant-bacteria interactions (Orozco-Mosqueda et al., 2023). Ethylene synthesis was reported via the ACC pathway in the marine macroalga Ulva intestinalis, with the enzyme ACC oxidase and the precursor DMSP present (Plettner et al., 2005).  When acrylate, an ethylene precursor which is derived from DMSP, was added to the algae, the level of ethylene production was doubled, although this was not via acrylate decarboxylase.  QS can cause changes to motility and colonization that can lead to the formation of bacterial biofilms (Qiao et al., 2022).  For example, two diatoms have been shown to use AHLs to inhibit their motility and attach to growing bacterial biofilms (Fei et al., 2020).  
Ethylene is also a volatile organic compound (VOC), a class of molecules that have also been shown to affect microalgal growth.  For example, a comparison was made between axenic Chlorella microalgae, Chlorella in coculture with a mixture of Rhizobium and Agrobacterium bacteria, and Chlorella and bacterial cultures connected by a  “headspace connection”, i.e. a tube allowing volatile compounds to travel from separate cell culture environments (Chegukrishnamurthi et al., 2022).  While additional VOCs, predominantly 3-methoxy-1,2-propanediol, were found to be present in the media, they did not occur in high concentrations.  In the culture with the headspace connection, the effect of the VOCs resulted in an increase of 3.2 times the growth of axenic Chlorella, compared to only a 1.5 times increase by co-culture with the bacteria, suggesting that the VOCs alone led to a larger improvement to microalgal growth (Amavizca et al., 2017).  The mechanisms of bacterial VOCs on microalgal growth may therefore open a new avenue to explore.
Another QS signalling molecule involved in the phycosphere is tropodithietic acid (TDA), an antibiotic produced by the bacterium P. inhibens (Dittmann et al., 2019).  TDA can result in phenotypic changes to motility and biofilm formation, as well as antibiotic production (Henriksen et al., 2022). TDA was found to change the community structure of bacteria associated with the microalgae Nannochloropsis salina by both antibiotic and transcription activity (Geng et al., 2016).  For example, growth of Rhodobacteraceae was inhibited with increased TDA dose, while bacteria in the Alteromonadales order showed increased growth.  Addition of P. inhibens brought about significant changes in the overall structure of the microbiome associated with the microalgae E. huxleyi, specifically reducing the abundances of other potentially antibiotic-producing bacteria like vibrios and pseudoalteromonads (Dittmann et al., 2019).  It should be noted that the QS signalling and antibacterial effects of TDA could be mechanisms responsible for defining the composition of the microbial species in the phycosphere and promote beneficial bacteria.  However, TDA concentration in the phycosphere in a marine environment has not been well documented outside of their antibiotic effects and therefore further research would be required. 
QS in Gram-positive bacteria is mediated by the nucleotide bis-(3′-5′) diguanylic acid (c-di-GMP) and autoinducer peptides (AIPs).  Bacterial association with various eukaryotic hosts, including nematodes, higher plants and even humans has been shown to involve c-di-GMP (Obeng et al., 2023).  Similarly, AIPs have been demonstrated to both be produced by and be involved in cell signalling in microalgae (Awdhesh Kumar Mishra and Kodiveri Muthukaliannan, 2022).  With regard to microalgae, production of AIP and c-di-GMP have been implicated in mutualistic interactions in a stable consortium between C. vulgaris and Bacillus licheniformis, showing enhanced adhesion strength of the bacteria to the algae surface as well as increased polysaccharide exchange (Ji et al., 2018).  

3.1.2. 2,5-Diketopiperazines (DKPs)
[bookmark: _Hlk191643984]2,5-Diketopiperazines are short cyclic peptides formed by condensation of two amino acids that have shown antibacterial and anticancer activities (Jia et al., 2023).  In co-culture experiments with P. tricornutum, Bacillus thuringiensis and other members of the Bacillus cereus group have been shown to undergo sporulation, and the mother cell lysate was observed to increase growth of the symbiotic diatom.  Analysis of this lysate identified two DKPs: cyclic-L-Pro-L-OMet ((3S,8aS)-3-propan-2-yl-2,3,6,7,8,8a-hexahydropyrrolo[1,2-a]pyrazine-1,4-dione) and cyclic-L-Val-ΔAla (3-methylene-6S-(1-methylethyl)-2,5-piperazinedione), which were confirmed to increase growth and biomass concentration of P. tricornutum (Sittmann et al., 2021).  A concentration-dependent effect was observed for both DKPs, with minimum active concentrations of 100 nM required for cyclic-L-Pro-L-OMet and 35 nM for cyclic-L-Val-ΔAla to exhibit a growth-promoting effect for the diatom. Notably, a mixture of the L-amino acid components of the cyclic molecules showed no significant impact on the growth of P. tricornutum, demonstrating that this effect was specific to the cyclic structure of the DKPs.  DKPs have been identified in many marine organisms, including algae-associated bacteria and fungi, but their impact on algae growth has not been well explored (Song et al., 2021).  

3.1.3. Biofilm
Bacteria in a biofilm have more efficient access to nutrients from the microalgae when compared to planktonic bacteria.  Although biofilms encourage interactions between the microalgae and bacteria, biofilms also enhance QS that mediates the interactions among bacterial cells, which can lead to crosstalk.  The effect of biofilm formation could have impacts on the symbiotic relationship, and this may be not only important for marine diatoms, but also for new potential techniques in industrial co-cultures.  For example, extracellular polymers (EPS) in the biofilm secreted by bacteria or microalgae can protect the cells from toxicity as well as enhancing nutrient and gas exchange (C. Wang et al., 2022b; Cheah and Chan, 2021)     Also, biofilms have the potential to be more cost-effective than suspension systems while improving the overall biomass production.  However, due to the complexity of the interactions in biofilms, these systems are more difficult to optimize, and therefore suspension systems have been more commonly used (C. Wang et al., 2022b).

3.1.4. Gene Transfer
It has also been found that antibiotic resistance genes can be transferred from bacteria to eukaryotic cells via plasmids (S. Li et al., 2023).  While the nature of horizontal gene transfer between prokaryotic and eukaryotic cells is still unclear, the potential impact on algae-bacteria interactions should be investigated.  Extracellular vesicles containing miRNAs have been shown to be secreted as a mechanism to regulate growth and metabolism of Haematococcus microalgae, as shown in Figure 6 (Hu et al., 2024).  Although these extracellular vesicles were identified as a mechanism for signalling between microalgal cells, it remains to be seen what effect bacteria could have on modulating  this communication.  Extracellular vesicles have been demonstrated to play a role in cross-species/kingdom communication by transfer of algicidal compounds and DNA (Li et al., 2024).  A wide range of secondary metabolites was observed in extracellular vesicles produced by microalgae, which have been termed nanoalgosomes (Adamo et al., 2021; Paterna et al., 2022; Picciotto et al., 2021).  These vesicles have also shown potential for biocompatible drug carriers, with the advantage of having antioxidant and anti-inflammatory properties (Adamo et al., 2024).  While these extracellular vesicles were found in microalgae, bacteria have been shown to induce the production of microalgal extracellular vesicles that can mediate aging effects in algae cells under limited nutrients by removing harmful metabolites from the cells (Deng et al., 2024).  The diatom Coscinodiscus radiatus with two associated bacteria, Mameliella sp. CS4 and Marinobacter sp. CS1, has demonstrated a methionine cycle mediated by bacterial signalling.  While these results have only recently been described, they suggest a potential role for extracellular vesicles in cross-kingdom signalling that may constitute a key aspect of the mutualistic interactions in the phycosphere.
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Figure 6: Bacterial extracellular vesicles and their effects on Haematococcus.  Reproduced from (Hu et al., 2024), https://doi.org/10.1186/s13068-024-02462-z, under the terms of the CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/

3.2. [bookmark: _Hlk178077641]Biotechnological Applications  
The growth of microalgae in engineered biotechnological environments is dependent on a number of environmental conditions (Kumar et al., 2024).  As a result, these microalgal-bacterial relationships have not only provided insight into the co-evolution of these microbes but can also be exploited for their use in various applications (Abate et al., 2024; Kadri et al., 2023).  Consortia of microalgae and bacteria have been developed, using various co-culture approaches.  The method with the most efficient biomass production is simply growing the symbiotic organisms in the same liquid media, referred to as communal liquid medium growth.  Conversely,  solid–liquid interface systems separate the organisms by placing one or more into a porous vessel such as beads or droplets.  Another method of co-culture is to separate the organisms via a membrane, preventing any adverse effects by direct contact, while maintaining the same extracellular environment.  Similarly, spatial separation prevents direct interactions but allows for diffusion of molecules, using gas exchange, immobilization on a matrix, or growth on solid agar plates.  Finally, microfluidics uses controlled fluid flow, which allows for better monitoring of intercellular communication instead of relying on diffusion (Kapoore et al., 2022).  Two main classes of applications include environmental applications, such as bioremediation of wastewater (Liang et al., 2022) and biomass production for a biorefinery platform (Conteratto et al., 2021).  Some of these applications will be described below.
[bookmark: _Hlk191634573][bookmark: _Hlk191634607]The biomass produced from consortia of microalgae and bacteria have also been investigated for potential applications in bioproducts such as biofuels and biomolecules for medicine and nutrition (Yao et al., 2019; Santo et al., 2022; Zhang et al., 2023; Dai and Wang, 2024; Zhang et al., 2024).  A succinic acid-producing strain of E. coli has been used to enhance lipid production by the marine microalga Aurantiochytrium sp. SW1, leading to high-value compounds such as polyunsaturated fatty acids (PUFAs) such as docosahexaenoic acid (DHA)  or biofuels (Zhang et al., 2024).  The total lipid content of Aurantiochytrium increased 2.63-fold while the biomass increased 3.17-fold.  The DHA content was determined to be 42.69% of total fatty acids in the co-culture compared to 25.26% in axenic algal culture.  The addition of succinate to the axenic culture was also capable of increasing the DHA content, but only up to 38.13%, demonstrating the superior effect of the co-culture. Indeed, enhancement of potential biofuel production by microalgae has been a target of study for microalgae-bacteria consortia (Yao et al., 2019).   Communities of microalgae and bacteria have also been used for wastewater bioremediation (Dai and Wang, 2024; Zhang et al., 2023). Finally, these consortia can be used in the synthesis of bioproducts such as prebiotics, cosmetics, and antibiotics (Santo et al., 2022).  Porous support-based bioreactors have been used for monocultures of microalgae, but recent research has also shown the potential for their application with microalgae-bacteria consortia.  For example, consortia of freshwater C. vulgaris or marine Cylindrotheca fusiformis microalgae with E. coli have been designed (Tong et al., 2024).  For the C. vulgaris consortia, polysaccharide levels were significantly increased on day 5, with 190.6±20.5 mg/m2 obtained from cultures grown on membranes coated with internal organic matter (IOM) of the algae compared to the control 140.3±5.3 mg m−2) obtained from the axenic group, although the overall polysaccharide content on day 15 showed  no significant differences.  While the C. vulgaris system showed no significant changes to lipid production, the lipid content of C. fusiformis was higher in cultures grown on IOM-treated membranes compared to the untreated membrane co-culture group, with an increase of 126% by day 5 and 22% by day 10.  
[bookmark: _Hlk191368059][bookmark: _Hlk191634248]Co-cultures of bacteria and microalgae have also been investigated for growth of microalgae under mixotrophic conditions.  While the microalgae and bacteria may be competing for organic nutrients, unlike in a system with autotrophic microalgae, added nutrients in the culture media can overcome this effect.  It should be noted that this change is not necessarily positive, as the addition of extra nutrients can allow for more extensive interactions of the bacteria with microalgae, not all of which would be positive.  However, a mutualistic relationship such as that between the alga C. fusiformis and the bacterium Muricauda in mixotrophic conditions has been shown to improve the growth of both microorganisms, as shown for two strains of Muricauda (Mur1 and Mur2) (Han et al., 2016).  The co-cultures demonstrated enhanced growth for both bacterial strains with C. fusiformis cell density values after 33 days, with no significant differences observed based on the initial bacterial inoculation (addition of 1 mL, 3 mL, or 5 mL of Mur1 or Mur2).  Mur1 resulted in a maximum cell density of 9.62 × 106 cells/mL, representing an increase of 65.42% compared to the axenic algal control and Mur2 resulted in a maximum cell density of 8.73 × 106 cells/mL, representing an increase of 83.47%.  
[bookmark: _Hlk191459166]The relationships between microalgae and bacteria can be used to take advantage of the flocculation effects.  Flocculation of microalgal cells can allow for easier harvesting of biomass, which can then be used for extraction of bioproducts, or to remove harmful bacteria from wastewater (de Morais et al., 2023; Ogbonna and Nwoba, 2021).  Bioflocculation also improves the environmental sustainability of these techniques compared with chemical flocculants.  However, flocculation with bacteria may require additional energy sources as well as increasing the likelihood of bacterial contamination in the final product.  As a result, other techniques such as using naturally flocculating algae have been investigated for bioflocculation.  For example, a co-culture of the non-flocculating microalgae C. vulgaris with the flocculating algae Scotelliopsis reticulata increased the flocculation efficiency to 60% compared to C. vulgaris alone (8%) due to the presence of extracellular polymeric substances (Spain and Funk, 2024).  

3.2.1. Bioproduct synthesis
The biomass produced from consortia of microalgae and bacteria have also been investigated for potential applications in bioproducts such as biofuels and biomolecules for medicine and nutrition (Yao et al., 2019; Santo et al., 2022; Zhang et al., 2023; Dai and Wang, 2024; Zhang et al., 2024).  A succinic acid-producing strain of E. coli has been used to enhance lipid production by the marine microalga Aurantiochytrium sp. SW1, leading to high-value compounds such as polyunsaturated fatty acids (PUFAs) such as docosahexaenoic acid (DHA)  or biofuels (Zhang et al., 2024).  The total lipid content Aurantiochytrium increased 2.63-fold while the biomass increased 3.17-fold.  The DHA content was determined to be 42.69% of total fatty acids in the co-culture compared to 25.26% in axenic algal culture.  The addition of succinate to the axenic culture was also capable of increasing the DHA content, but only up to 38.13%, demonstrating the superior effect of the co-culture. Indeed, enhancement of potential biofuel production by microalgae has been a target of study for microalgae-bacteria consortia (Yao et al., 2019).   Communities of microalgae and bacteria have also been used for wastewater bioremediation (Dai and Wang, 2024; Zhang et al., 2023). Finally, these consortia can be used in the synthesis of bioproducts such as prebiotics, cosmetics, and antibiotics (Santo et al., 2022).  Porous support-based bioreactors have been used for monocultures of microalgae, but recent research has also shown the potential for their application with microalgae-bacteria consortia.  For example, consortia of freshwater C. vulgaris or marine Cylindrotheca fusiformis microalgae with E. coli have been designed (Tong et al., 2024).  For the C. vulgaris consortia, polysaccharide levels were significantly increased on day 5, with 190.6±20.5 mg/m2 obtained from cultures grown on membranes coated with internal organic matter (IOM) of the algae compared to the control 140.3±5.3 mg m−2) obtained from the axenic group, although the overall polysaccharide content on day 15 showed  no significant differences.  While the C. vulgaris system showed no significant changes to lipid production, the lipid content of C. fusiformis was higher in cultures grown on IOM-treated membranes compared to the untreated membrane co-culture group, with an increase of 126% by day 5 and 22% by day 10.  
Co-cultures of bacteria and microalgae have also been investigated for growth of microalgae under mixotrophic conditions.  While the microalgae and bacteria may be competing for organic nutrients, unlike in a system with autotrophic microalgae, added nutrients in the culture media can overcome this effect.  It should be noted that this change is not necessarily positive, as the addition of extra nutrients can allow for more extensive interactions of the bacteria with microalgae, not all of which would be positive.  However, a mutualistic relationship such as that between the alga C. fusiformis and the bacterium Muricauda in mixotrophic conditions has been shown to improve the growth of both microorganisms, as shown for two strains of Muricauda (Mur1 and Mur2) (Han et al., 2016).  The co-cultures demonstrated enhanced growth for both bacterial strains with C. fusiformis cell density values after 33 days, with no significant differences observed based on the initial bacterial inoculation (addition of 1 mL, 3 mL, or 5 mL of Mur1 or Mur2).  Mur1 resulted in a maximum cell density of 9.62 × 106 cells/mL, representing an increase of 65.42% compared to the axenic algal control and Mur2 resulted in a maximum cell density of 8.73 × 106 cells/mL, representing an increase of 83.47%.  
The relationships between microalgae and bacteria can be used to take advantage of the flocculation effects.  Flocculation of microalgal cells can allow for easier harvesting of biomass, which can then be used for extraction of bioproducts, or to remove harmful bacteria from wastewater (de Morais et al., 2023; Ogbonna and Nwoba, 2021).  Bioflocculation also improves the environmental sustainability of these techniques compared with chemical flocculants.  However, flocculation with bacteria may require additional energy sources as well as increasing the likelihood of bacterial contamination in the final product.  As a result, other techniques such as using naturally flocculating algae have been investigated for bioflocculation.  For example, a co-culture of the non-flocculating microalgae C. vulgaris with the flocculating algae Scotelliopsis reticulata increased the flocculation efficiency to 60% compared to C. vulgaris alone (8%) due to the presence of extracellular polymeric substances (Spain and Funk, 2024).  
Algae-lysing bacteria have also been utilized to treat microalgal biomass with the goal of achieving efficient low-cost cell wall disruption (Wang et al., 2020).  The lysis of cell walls is necessary for extracting microalgal compounds produced for bioproducts and biofuels, which is difficult using other methods due to variations in algal cell wall structure.  An example of this process was reported by Muñoz et al., who observed a 158.68% increase in methane production from Nannochloropsis gaditana algal biomass after pretreatment with Raoultella ornithinolytica isolated from marine mollusks (Muñoz et al., 2014).  The cell wall disruption was attributed to endoglucanase and ꞵ-galactosidase activity.  Using bacterial lysis has advantages such as lower cost, less energy required, easy to scale, sustainable, and produce few toxic wastes.  However, it remains a challenge to ensure bacteria do not take up or consume microalgal proteins/lipids or bioproducts of interest after lysing the cells.  

3.2.2. Wastewater Treatment
[bookmark: _Hlk191634532]Consortia of microalgae and bacteria have been studied for their applications in wastewater treatment, especially agricultural or aquacultural wastewater high in nitrogen and phosphorous (Liu et al., 2023).  As an example, to investigate the role of ecological niches in nutrient removal, a consortium of Chlamydomonas and bacteria present in wastewater was employed.  Removal of nitrogen was temperature-dependent, but at 30-40°C, 100% removal was observed at day 4.  Conversely, phosphorus and COD were completely removed on day 2 and day 5, respectively (Zhang et al., 2023).  Due to the enhancement of algal growth, these consortia are low-cost and less harmful to the environment, as they do not have the energy requirements of physical methods or production of secondary toxins from chemical treatments (Phyu et al., 2024).  However, further information on signaling processes between microalgae and bacteria would be needed in order to optimize this process (Gonçalves et al., 2024; S.-N. Li et al., 2023).  Further, a majority of the modelling studies performed focus on the role of the algae and not the complex interactions with bacteria (Oruganti et al., 2022).  Challenges include availability of light for photosynthesis, which causes decreased efficiency in outdoor environments with variable light intensity, as well as scaling up from the laboratory to industrial scales.  
[bookmark: _Hlk191459251][bookmark: _Hlk191628492]An additional and timely niche for algal-bacterial symbiotic systems is their application in livestock and aquaculture wastewater treatment for the removal of emerging pollutants like antibiotics.  The overuse of antibiotics can lead to negative impacts on ecology as well as animal and human health, as well as the development of antimicrobial resistance, making their removal from wastewater highly desirable.  Algae and bacteria can remove and digest antibiotics through bioadsorption, bioaccumulation, and biodegradation (Eheneden et al., 2023).  Consortia of algae and bacteria enhance these effects via several mechanisms, including  co-metabolism of nutrients and antibiotics, increased EPS secretion enhancing uptake, and increased gene expression of proteins responsible for the transport and degradation of antibiotics (Xiao et al., 2024). For example, a co-culture system of Scenedesmus obliquus with bacteria isolated from lake mud resulted in bioadsorption of 27.19% and bioaccumulation of 30.58% of ciprofloxacin (CIP) (Wang et al., 2023).  

3.2.3. Circular Economy 
A unique advantage of bioremediation using consortia of microalgae and bacteria is the possibility of implementing them in multifunctional systems; namely, treating wastewater, then using the resulting biomass to produce fuel or bioproducts (Zhu et al., 2023).  An example of this concept was recently proposed by Yu et al. for swine wastewater (Yu et al., 2024).  This approach would use the wastewater from a pig farm, which would undergo anaerobic digestion to yield biogas and nutrients with high carbon, nitrogen, and phosphorous content.  This would be followed by treatment with an indigenous microalgae-bacteria consortium (IMBC) that would use the biogas and nutrients to grow, resulting in biomass that could be harvested for use as biological fertilizer.  The fertilizer could then be used to grow crops for pig feed, restarting the cycle with swine wastewater.  However, the interactions between the microalgae and bacteria would need to be carefully tuned to maximize the biomass produced and recycling rate for the wastewater.  A general illustration of the design of a circular economy using a microalgae-bacteria consortium is shown in Figure 7.  

[image: ]
Figure 7.  A general circular economy design for agriculture wastewater treatment using a microalgae-bacteria consortium (green represents microalgae cells, blue represents bacterial cells; COD = chemical oxygen demand).

[bookmark: _Hlk191634715]A similar multifunctional system was evaluated for treatment of wastewater from the ice cream industry using the bacteria Novosphingobium sp. ICW1 (isolated from the wastewater itself) and the microalga Vischeria sp. WL1.  After treatment with the algal-bacterial consortium, total carbon was reduced by up to 74.5%, while the COD was reduced by up to 60.4% (Gao et al., 2024).      The resulting biomass was harvested, and the oils extracted from it showed 87.1 - 88.3% monounsaturated fatty acid content, primarily palmitoleic acid and oleic acid, which have applications both in health and as feedstocks for biodiesel (Wang et al., 2018; Lotfi et al., 2021). As these multifunctional approaches reduce waste byproducts and energy use in the treatment process, they are also more sustainable than conventional techniques and have been an area of significant research (Anand et al., 2023).
[bookmark: _Hlk191634965][bookmark: _Hlk191628017][bookmark: _Hlk191628481][bookmark: _Hlk191459221]Similarly, wastewater treatment with microalgae-bacteria consortia has been investigated for the production of biostimulants, namely compounds that stimulate growth or nutrient efficiency, as well as biofertilizers, which are living organisms with similar effects (Adoko et al., 2021; Kapoore et al., 2021; Solomon et al., 2023).  Biostimulants from microalgae that improve plant growth include phytohormones that enhance plant growth and root development such as auxins, cytokinins, and gibberellins.  Other  biostimulants produced by algae include amino acids which promote stress tolerance and improve metabolic functions in plants, polysaccharides that improve water retention and microbial activity, antioxidants to protect plants from oxidative stress, and micronutrients such as iron, magnesium, and zinc (Baltazar et al., 2021; González-Pérez et al., 2021; Johnson et al., 2024).  A microalgae-bacteria consortium was employed to produce a biofertilizer using a mixture of PGPB (B. licheniformis, Bacillus megatherium, Azotobacter sp., Azospirillum sp., and Herbaspirillum sp.) and C. vulgaris algae (Kopta et al., 2018).  The application of the resulting harvested biomass to lettuce crops resulted in increases in weight, with the largest differences observed being 18.9% for romaine lettuce in the summer season and 22.7% for leaf lettuce in the spring season. Further, for romaine lettuce grown in the summer season, the total carotenoid content was increased by 26.7%, from ~33 μg/g to ~42 μg/g fresh weight, which may have been a heat stress response to the higher temperatures of summer (mean temperature of 26.44°C) compared to spring (mean temperature of 16.24°C).  This suggests that the biofertilizer may help to reduce heat stress as well as improving the yield.    A particular advantage to producing biostimulants from wastewater treatment, compared to biofertilizers produced using the same consortia, is that biofertilizers require higher doses to have the same effect, while the biostimulant molecules can have significant effects at low doses (Rouphael and Colla, 2020). 
While these are some examples of biotechnological applications of microalgae/bacteria consortia, many of these systems are reliant on existing laboratory cultures or observed relationships between microbes in natural environments.  A deeper understanding of the molecular interaction mechanisms involved in microalgae-bacteria co-cultures could provide both optimized conditions for these systems as well as new avenues of investigation.  Synthetic ecology techniques could be used to design microbial consortia for specific biotechnological applications with optimized conditions, such as identifying molecular interactions that could provide enhanced biomass and/or metabolite production for a particular microalga.  For instance, a consortium using mutualistic bacteria that could provide the specific targeted interactions could then be used, rather than attempting to optimize an existing system from a natural environment.

4. Conclusion and Future Directions
[bookmark: _Hlk191915160][bookmark: _Hlk191917768]The co-evolution of microalgae and bacteria has led to symbiotic relationships including but not limited to mutualism.  The interactions governing these relationships are therefore important to explore further in depth, both in natural and industrial settings.  The primary interactions that have been identified can be classified into nutrient exchange and signalling molecules such as QS molecules and phytohormones.  Some of these relationships have been well-established, although the exact nature of these interactions requires further elucidation, and the mechanisms by which these dynamic interactions are controlled are still not well understood.  Some examples of these interactions are shown in Table 2.  Consortia of these microorganisms have been investigated for environmental remediation and as core organisms in biorefineries for bioproducts including pharmaceuticals, biofertilizers, and biofuels.  Additional research is therefore required to describe in detail the molecular interactions between microalgae and bacteria, which would be necessary for both studying marine ecosystems and enhancing the design and implementation of industrial consortia.  Novel research strategies should include the rational design of microalgae-bacteria communities towards specific technological applications. These ab initio synthesized microalgal-bacterial consortia are exceptionally promising in the construction of photosynthetic biorefineries with potential benefits both upstream (production) and downstream (harvesting). The recent recognition of the broad chemodiversity among phytohormones produced by marine bacteria suggests the targeted integration of such selected bacteria in innovative synthetic platforms with productive diatoms whose growth and biosynthetic potential could be strongly enhanced in response to the specific bacterial signalling. Similarly, the aggregative lifestyle of specific bacteria interacting with microalgae could emerge as a key component in algal flocculation, a process with the potential of vastly improving the yield and reducing the harvesting cost of biomass and of intracellular microalgal products. The use of synthetic ecology premises with artificial algal-bacterial communities designed for specific technological goals, instead of relying on modified natural assemblages, offers an exciting new approach to the design of customized microalgae-bacteria consortia for multifaceted applications. For instance, an advanced design of a microbial fuel cell ecosystem may incorporate an electrogenic bacterial component interacting with a photosynthetic algal component for concurrent electricity generation and effluent purification and/or high value-added bioproduct formation. However, there are still several challenges for scaling up these systems for industrial use, planktonic algal-bacterial communities in a laboratory setting being too simple and homogeneous, as well as the use of including artificial media that may not mirror a real-world environment.  The use of algae-bacteria biofilms as well as modelling and optimization tools may help to improve the use of these consortia in an industrial or site bioremediation setting. For example, a novel approach to address the daunting challenge of microplastics in the environment should consider the fact that the plastispheres (biofilm-like assemblages of organisms that naturally develop on plastics) rely on ecological interaction mechanisms between bacteria and microalgae.
Table 2.  Selected examples of symbiotic relationships between microalgae and bacteria in marine environments.
	Bacteria
	Algae
	Bacterial Functions
	Algal
Functions
	Reference

	Candidatus Atelocyanobacterium thalassa
	Unknown prymnesiophyte
	Nitrogen fixing 
	Carbon fixing by algae
	(Thompson et al., 2012)

	Methylobacterium aquaticum
	Chlamydomonas reinhardtii
	Degradation of IAA 
	Release of glycerol and IAA 
	(Calatrava et al., 2024, 2018)

	Phaeobacter inhibens
	Emiliania huxleyi
	Algicide release in the presence of E. huxleyi senescence signals, release of IAA
	Algal growth induced by IAA
	(Segev et al., 2016)

	Candidatus tectiglobus diatomicola
	Haslea spp. 
	Nitrogen fixing 
	Carbon fixing
	(Tschitschko et al., 2024)

	Rhodobacteraceae strains
	Phaeodactylum tricornutum, Amphora coffeaeformis, Thalassiosira pseudonana
	Digestion of methylamines (MAs) and glycine betaine (GBT) to release ammonium 
	Use of ammonium
	(Zecher et al., 2020)

	Azotobacter spp., Azospirillum spp
	Chlamydomonas sp., Chlorella sp.
	Nitrogen fixing
	Carbon fixing 
	(Llamas et al., 2023)

	Bacteria from activated sludge
	Chlorella sp., Scenedesmus sp., Pediastrum sp., Phormidium sp.
	Bacteria enhancing growth of algae and preventing contamination
	CO2 fixation and nutrient removal from wastewater 
	(Kong et al., 2024)

	Roseibium RMAR6-6  
	Porphyridium purpureum CCMP1328
	Release of putrescine 
	Enhancing microalgal growth
	(Kim et al., 2024)

	Cupriavidus necator
	Navicula pelliculosa
	Release of siderophores for algal iron transport 
	Release of organic carbon
	(Kurth et al., 2019)

	Sulfitobacter spp.
	Pseudo-nitzschia spp.
	Release of tryptophan and ammonium
	Release of IAA and DMSP
	(Amin et al., 2015). 

	Dyadobacter spp., Porphyrobacter spp.,  Variovorax spp. 
	Scenedesmus quadricauda
	Production of B vitamins, auxin signalling by Variovorax, AHL signalling by Porphyrobacter and Dyadobacter  
	Release of organic carbon
	(Astafyeva et al., 2022)

	Rhizobium sp.
	Botryococcus braunii
	Enhanced algal growth by AHL signalling
	Production of organic molecules for bacteria
	(Rivas et al., 2010)

	Mesorhizobium loti
	Lobomonas rostrata
	Release of vitamin B12 
	Release of organic carbon
	(Kazamia et al., 2012a)

	Ruegeria pomeroyi DSS-3
	Thalassiosira pseudonana CCMP1335
	Catabolism of 2,3-dihydroxypropane-1-sulfonate (DHPS), release of vitamin B12 from bacteria for the auxotrophic algae
	Carbon fixing
	(Durham et al., 2015)

	Marinobacter, Roseobacter 
	Scrippsiella trochoidea
	Release of siderophores for algal iron transport
	Carbon fixing
	(Amin et al., 2009)

	Azotobacter vinelandii
	Neochloris oleoabundans, Scenedesmus sp.
	Use of bacterial siderophores as an alternative nitrogen source for algae
	Carbon fixing
	(Santos and Reis, 2014; Villa et al., 2014)

	Azospirillum brasilense
	Chlorella vulgaris
	IAA synthesis and release
	Release of tryptophan and thiamine 
	(Choix et al., 2012; Leyva et al., 2014; Palacios et al., 2016)

	Bacillus licheniformis
	Chlorella vulgaris
	Quorum sensing via autoinducers and c-di-GMP signalling
	Carbon fixing
	(Ji et al., 2018)

	Azospirillum brasilense,
Bacillus pumilus
	Chlorella sorokiniana
	Release of CO2 and VOCs 
	Carbon fixing
	(Amavizca et al., 2017)

	Mameliella sp. CS4 and Marinobacter sp. CS1
	Coscinodiscus radiatus
	Bacterial signalling 
	Production of extracellular vesicles to regulate the methionine cycle
	(Deng et al., 2024)

	Muricauda sp.
	Cylindrotheca fusiformis 
	Enhancement of microalgal growth under mixotrophic conditions
	Enhancement of bacterial growth 
	(Han et al., 2016)

	Novosphingobium sp. ICW1 
	Vischeria sp. WL1
	Enhancement of microalgal growth 
	Nutrient removal from wastewater
	(Gao et al., 2024)

	Raoultella ornithinolytica
	Nannochloropsis gaditana
	Cell wall disruption for biomass harvesting 
	Production of biomass
	(Muñoz et al., 2014)
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