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Abstract

:

Quorum sensing in the phycosphere refers to a sensor system in which bacteria secrete bioactive compounds to coordinate group behavior relying on cell density. It is an important way for algae and bacteria to communicate with each other and achieve interactions. It has been determined that quorum sensing is widely presented in the marine phycosphere, which involves a variety of bioactive compounds. Focused on these compounds in marine phycosphere, this review summarizes the types and structures of the compounds, describes the methods in detection and functional evaluation, discusses the ecological functions regulated by the compounds, such as modulating microbial colonization, achieving algae–bacteria mutualism or competition and contributing to marine biogeochemical cycles. Meanwhile, the application prospects of the compounds are also proposed, including controlling harmful algal blooms and producing biofuel. Future research should focus on improving detection techniques, developing more model systems and investigating the effects of climate change on the quorum-sensing pathway to further understand the mechanism and application potential of quorum sensing compounds. This review aims to present an overview of current research carried out in order to provide the reader with perspective on bioactive compounds involved in quorum sensing.
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1. Introduction


Algae are the pivotal primary producers in the marine food web due to their high photosynthetic efficiency and rapid biomass production. They convert approximately half of the primary production into dissolved organic matter for heterotrophic prokaryotes such as bacteria [1]. The term “phycosphere” refers to a unique microenvironment surrounding the algal cell. It is composed of algal extracellular substances and possesses distinctive bacterial community composition from an ocean environment [2]. Bacteria can gather in the phycosphere and show higher concentration than in seawater. This microscale region is regulated by the release of algal organic matter, which feeds a large consortium of inhabiting bacteria [3].



The algae–bacteria interactions that occur in the phycosphere contribute to many biogeochemical processes in the marine ecosystem, including carbon, nitrogen and sulfur cycles. These interspecies communications require enormous metabolic activities linked to a complex signaling network [4]. Quorum sensing (QS) is a common bacterial communication system correlating to produce, release, accumulate and detect the extracellular autoinduced signaling molecules. It allows bacteria to synchronize behaviors on a population-wide scale, and thus achieve biological functions such as establishing biofilms, expressing virulence and bioluminescence [5]. Since the discovery of QS signals during cyanobacterial blooms in 1998, many reports have proved the existence of QS in the phycosphere [6,7,8]. In parallel, parts of the mechanisms are also elucidated in several ecological models, such as the Roseobacter lineage and marine algae Emiliania huxleyi [4].



The diverse natural products for QS have been identified in the marine phycosphere. Their structures and working mechanisms have gradually been illustrated. Firstly, they regulate intraspecific signaling pathway in bacteria. Now, their functions in regulating behavior of bacterial hosts are proposed, such as modulating algal settlement [9]. Previously, their roles were highly underrated because of their low density in the ocean [10]. Now, it is clear that these substances effect bacteria inhabitation in the coral surface mucus layer; thus, bacteria are capable of protecting coral health [11]. Moreover, evidence shows that the products can influence the activity of hydrolytic enzymes on sinking particulate organic carbon, and thus impact the marine biological carbon pump [12]. In this context, exploring how the QS compounds impact interspecific interactions is of great significance.



The role of QS in marine microbial ecosystems has been extensively studied during the last decade [13]. Diverse QS substances have been isolated from phycosphere; nevertheless, their potential roles in modulating algae–bacteria interactions and impacting marine ecology remain restricted. Despite the increasing use of omics approaches in cooperation with conventional procedures, more sensitive analytical techniques are yet to be developed. Simultaneously, additional research is required to explore the substances involved in the QS pathway. In this review, we focus on the most recent progress in this field, with the goal of expanding current knowledge about natural products for QS in marine phycosphere.




2. Diverse Substances Involved in QS Pathway


QS exists in both Gram-positive and Gram-negative bacteria. Although the types of signal compounds are various, the QS processes are in the similar routine that refers to the production, release and group-wide detection of signaling molecules [14]. Two groups of these diffusible molecules were mainly emphasized in a previous study: N-acyl homoserine lactones (AHLs) in Gram-negative bacteria and oligopeptides in Gram-positive bacteria. Aside from these, autoinducer-2 (AI-2) was suggested to be a universal signal across species because it was found in both Gram-positive and Gram-negative bacteria [15]. Other classes of signals were also identified in recent work; a majority of them were not first known as semiochemicals, such as tropodithietic acid (TDA), which was known as an antibacterial agent before being described as a QS signal [16]. In this review, we will mainly discuss AHLs, quinolones and AI-2 for their key roles in the phycosphere. We will also discuss several other types of compounds, such as TDA and IAA.



2.1. AHLs Type Signaling Molecules


In the marine environment, AHLs are the most common signals. N-2-oxohexanoyl-L-homoserine lactone (3OC6-HSL) was the first QS signal detected, which was capable of controlling the luminescence of the marine bacterium Vibrio fischeri [17]. The genetic components in its system had been subsequently addressed: a synthase gene luxI that produces the signal molecule; a transcription-activator gene luxR; and a bidirectional lux promoter [18]. These molecules possess the same structures, which contain a core N-acylated homoserine-lactone ring and a 4–18 carbon acyl chain [19].



AHL-QS is widespread in Gram-negative bacteria. Its compounds include proteins homologous to the LuxI-AHL synthase and the LuxR transcriptional regulator proteins encoded by V.fischeri. Through the LuxI protein, AHLs are produced and freely diffuse out of the cell [13]. With the density of the cell population increasing, the concentration of AHLs accumulates in the near microenvironment. The receptor protein LuxR binds its cognate AHL. The luxR-AHL complex further triggers gene expression (Figure 1) [19].



The AHLs molecules detected in the phycosphere usually possess a long acyl chain. According to an analysis of more than 100 isolated marine bacterial strains, the acyl chains of AHLs ranged from C8 to C18. Some bacteria associated with diatom showed the capability to synthesize more than one type of AHL [7]. The production of AHLs includes a common pathway of deriving the lactone moiety from S-adenosylmethionine (SAM) and obtaining the acyl chain from intermediates of fatty-acid biosynthesis through the effect of LuxI enzymes [14]. There are exceptions. Microalgae Emiliania huxleyi secrete pCA when they age. Their associated roseobacters switch their metabolism to produce algaecides in response to pCA and use pCA as substrate for synthase p-coumaroyl-HSL (pCA-HSL) signals [20,21]. Another member of Roseobacter clade Nautella italica R11 contains a unique luxR-type gene, varR, which is verified as controlling bacterial colonization and virulence. It was the first example to demonstrate that luxR-type gene plays a role in bacterial-induced macroalgal disease [22]




2.2. Quinolones Type Signaling Molecules


Quinolones refer to a class of molecules which are structurally derived from the heterobicyclic. The differences between these compounds are various substitutions in carbocyclic and heteroaromatic rings [23]. Several members of quinolones have antibacterial activity, and thus become promising clinic drugs [24]. In the marine environment, several alkylquinolones (AQs) have been identified, and some of them are utilized by bacteria as QS signals [23].



The 2-heptyl-4-quinolones (HHQ) is an important member of those alkylquinolones, which is mainly synthesized by marine bacteria Pseudomonas and Alteromonas strains [23]. Multiple genes are involved in HHQ biosynthesis, such as pqsR, pqsH, pqsL and pqsABCDE. Among all of them, pqsR plays an essential role in encoding PsqR, which is the transcriptional regulator of pqsABCDE. Along with that, pqsABCDE controls the production of all AQs, which involves the synthesis of enzymes and inactive intermediates [25]. At the nanomolar concentrations, HHQ were capable of arresting algal cell growth without inducing cell mortality [26]. Recently, the finding that HHQ possesses algicidal effects on microalgae indicates it may modulate algal proliferation in the marine environment [27].




2.3. AI-2 Type Signaling Molecules


2.3.1. AI-2 in Marine Phycosphere


A new class of autoinducers called AI-2 was proposed for observation from the result that V. harveyi mutant strains defective in AHLs synthesis remained capable of QS-dependent gene activation [28]. AI-2 molecules contain a series of interconverting molecules derived from the precursor, 4,5-dihydroxy-2,3-pentanedione (DPD) [19]. The DPD is an unstable molecule that can spontaneously cyclize into various furanone moieties under different conditions [29]. With the rapid conversion of DPD, bacteria detect different forms of DPD as their AI-2 signals. The core gene responsible for AI-2 is luxS. Two other genes of a three-gene operon with luxS are involved in the activated methyl cycle, an essential metabolic pathway for the recycling of SAM [30].



The AI-2-QS serves for both Gram-positive and -negative bacteria. However, it is hard to detect AI-2 in a natural environment due to their variable structures. The first exploration of AI-2 structure was achieved by utilizing the high-affinity nature of the V. harveyi receptor, LuxP, to match the corresponding AI-2 ligand [31]. AI-2 molecules are frequently observed, produced by Vibrio isolated from corals and sponges in the ocean [13]. Using metagenomics, a number of AI-2 homologs were identified from a dinoflagellate bloom and were likely involved in the regulation of symbiotic relationships [8]. The study supported that AI-2 also plays a part in the communication between algae and bacteria.




2.3.2. The Special Role of SAM


Interestingly, SAM serves as the substrate for the synthesis of both AHLs and AI-2. Methyltransferase enzymes and nucleosidase help transfer the methyl group from SAM and form S-ribosylhomocysteine (SRH). Then, SRH is converted to DPD, the linear form of AI-2 (Figure 2) [32]. As for the synthesizing pathway of AHLs, SAM also serves as substrate in combination with acyl carrier proteins (Acyl-ACP). Integrating complex chemical interactions among the bacterial community may be advantageous. The addition of long-chain-length AHLs (C10-, C12- and C14-HSL) caused an increase in the activity of alkaline phosphatases (APases), whereas AI-2 had the opposite effect [33]. One explanation is that a subpopulation may have employed AHLs to upregulate APase activity when it benefited them and AI-2 to downregulate APase activity in situations when overall cell abundances were higher and other competing subpopulations might benefit.





2.4. Other Types of Signaling Molecules


TDA is a structurally unique antibiotic synthesized by marine Roseobacter. The effects of TDA on gene expression patterns in TDA-producing bacteria indicate that TDA can serve as a QS signal [34]. Silicibacter sp. TM1040, a member of Roseobacter, participates in a symbiosis with dinoflagellates, using TDA as their QS signal. Genetic evidence suggests that TDA works in a manner similar to AHLs, and its synthesis requires the expression of tdaABCDEF (tdaA-F) and six additional genes (cysI, malIJK, and tdaH) [35]. Indole-3-ecetic (IAA) is well known as a plant hormone that promotes plant growth via a series of cellular mechanisms. Its potential role in mediating QS pathway was recently reported. A diatom-associated Sulfitobacter species synthesizes IAA from diatom-secreted tryptophan, which enhances diatom cell division [36].



TDA and IAA were previously recognized for their additional functions before being identified as QS signals. This is also applicable for AQs, which were formerly known as antibiotics. Further investigation is required to evaluate the potential chemical diversity in the QS pathway within the phycosphere.





3. Functions in the Phycosphere


The functions regulated by QS substances have been already illustrated in bacterial community, including biofilm formation, virulence factor secretion, bioluminescence, antibiotic production, sporulation and competence for nutrients [37]. In the phycosphere, QS also participates in algae–bacteria interactions and mediates various ecological functions.



3.1. Modulating Microbial Colonization


Chemotaxis is the ability to sense and respond to chemical substances [38]. It allows bacteria to approach favorable chemicals or avoid harmful substances [39]. Algae release a huge amount of dissolved organic matter (DOM) in the phycosphere and attract bacteria [40]. These bacteria are encouraged to switch their free-living lifestyle into colonization of the phycosphere [41]. They benefit from algal DOM and protect algae against antibiotics or toxins [42]. In this process, QS helps inhibit bacterial motility and forms biofilm. For example, several species in the Roseobacter group could attach to diatom transparent exopolymeric particles. Compared to the other strains in the experiment, they hold complete QS systems and synthesize 3-oxo-C16:1-HSL to modulate their settlement in the phycosphere [43]. Nautella italica R11, a member of the Roseobacter clade, contains a unique luxR-type gene, varR, which controls its colonization in the phycosphere and virulence to their host Delisea pulchra. The luxR-type gene knock-out strain was difficult, forming biofilm and causing disease in its host [22].



Biofilm is a microenvironment created by a microorganism, consisting of exopolysaccharides (EPS) [44]. Within the biofilms, QS regulates the production of exopolysaccharides and extracellular hydrolytic enzymes [13]. Red algae Delisea pulchra are special when it comes to resisting colonization of biofilms because they can produce halogenated furanone to inhibit AHL-QS-regulated phenotypes, including biofilms formation [45]. Compared to free-living cells, bacteria in biofilm have greater access to algal nutrients [42]. The QS-regulated abilities in motility and chemotaxis provide bacteria with a competitive advantage when searching for nutrient sources. Then, the formation of biofilm makes the nutrient exchange between bacteria and algae more available. By using periphytic biofilm as the microbial-aggregate model, the pathway of a bacterial phosphorus entrapment has been stimulated, including the up-regulation of pyrimidine, purine and energy metabolism regulated by AHLs [46]. However, the bacterial density in marine biofilms is three times higher than in water [13]. Interactions between cells are enhanced and it is hard to avoid QS crosstalk in the tiny, spatially heterogeneous environment [14]. To successfully achieve cellular communications, bacteria must overcome difficulties in detecting certain signals. For example, AHLs is taxon specific for the structural variations on the acyl side chain. Their receptor protein LuxR contains an amino-terminal ligand-binding domain and a carboxy-terminal DNA-binding domain. LuxR possesses a specific acyl-binding pocket to bind its cognate signal [47]. Some bacteria adopt a strategy that uses unusual signals, such as TDA and indole-3-acetic acid (IAA) [36,48]. The various signal substances help bacteria compete for ecological niches and contribute to modulation of microbial colonization in the phycosphere.




3.2. Achieving Algae–Bacteria Mutualism and Competition in the Phycosphere


The exchanges of nutrients lay the foundation of mutualism between bacteria and their host algae. As mentioned above, bacteria consume a mass of algal dissolved organic matter. In turn, they supply abundant nutrients to support algal growth. A metabolome survey of two strains of Rosoebacter clade showed that bacteria provide vitamins, amino acids and plant growth promotors to algae [49]. Some of these substances are indispensable to algal growth, such as Vitamin B12 (cobalamin), which is required by approximately half of all microalgal species [50]. However, most of the microalgae exhibit vitamin auxotrophy, which can only obtain vitamins from prokaryotes [51]. Picoeukaryotic algae Ostreococcus tauri lack the genetic capacity to grow without Vitamin B12. Through co-culture with heterotrophic bacteria Dinoroseobacter shibae, a member of the Rhodobacteraceae family of alpha-proteobacteria able to synthesize the Vitamin B12, auxotrophy of O.tauri was alleviated [52].



For the purpose of promoting their own growth, algae may nurture particular microbiomes by releasing certain metabolites, such as polyunsaturated fatty acid, eicosapentaenoic acids, polyunsaturated aldehydes [53,54]. The ubiquitous diatom Asterionellopsis glacialis promotes the attachment of beneficial bacteria while suppressing the attachment of opportunists by secreting rosmarinic acid into the phycosphere and uses azelaic acid to enhance the development of beneficial bacteria while inhibiting the growth of opportunists [55]. Interfering QS pathway is another strategy for resisting opportunists and harmful bacteria. Some algae, such as D. pulchra, are able to secret compounds that mimic QS signals, such as halogenated furanones to occupy AHLs binding site of LuxR homologues and inactivate QS [45]. In addition, some algae use enzymes to inhibit QS. Benthic diatom Nitzschia cf pellucida degrades AHLs by cleaving the halogenated N-acyl chain of signal molecules using haloperoxidase [56]. That might explain why various algal phycosphere possesses distinct microbial community compositions. Meanwhile, bacteria can regulate their behavior through QS, or even secrete algicides, in order to maximize the use of algal organic matter. Under the regulation of AHLs, algicidal bacteria γ-proteobacterium produce red pigment (PG-L-1), which shows potent algicidal activity against red tide algae [57]. The same phenomena are common in the process of algal blooms. The algicidal Flavobacterium Kordia algicida isolated from Skeletonema costatum bloom is able to lyse a broad range of algal species, including the diatoms Skeletonema costatum, Thalassiosira weissflogii and Phaeodactylum tricornutum [58]. According to metagenomics examinations, QS autoinducers are ubiquitous in a complete dinoflagellate bloom. The algicidal bacteria do not display algicidal behavior until the population density has reached a certain threshold, suggesting QS controls algicidal activity during this process [8]. Based on the short-time interactions, QS modulates mutualistic or competitive relationships between algae and bacteria.




3.3. Contributing to Marine Biogeochemical Cycles


The significant role of algae and their associated bacteria in marine aquatic food web has already been addressed [59]. At present, the in-depth study of the bacterial QS mechanism makes us realize the importance of these microscale interactions. One important aspect is that QS regulates the activities of extracellular hydrolytic enzymes. This function was first identified from bacteria-colonized marine snow particles [12]. A similar observation was carried out on heterotrophic bacteria of Trichodesmiun. These strains use alkaline phosphatases (APases) to acquire phosphate from dissolved organic phosphorus. The addition of AHLs increased the activity of bacterial APase, while the addition of AI-2 showed the opposite effect [33].



For the single bacterial species, their bioactivity in acquiring nutrients changes in response to the host state. Dimethyl-sulfoniopropionate (DMSP) are the most conspicuous molecules produced by some algal species and are deemed as the principal source of organic sulfur in the marine environment. It also carries the functions inducing bacteria to algal cells and stimulating bacterial production of QS molecules [60]. Roseobacter Phaeobacter gallaeciensis symbiosed with algae Emiliania huxleyi are able to degrade DMSP into dimethyl sulfide (DMA). DMA further reacts within the atmosphere, where it is easily oxidized to sulfate aerosols, which increase the abundance of cloud condensation and mitigate the impacts of global warming [61]. During E. huxleyi bloom, DMSP activates the normally silent biosynthesis pathway in P. gallaeciensis to produce TDA that helps algae resist harmful bacteria. As the bloom fades, bacteria consume algal breakdown products and use them to biosynthesize QS signals pCA. In the regulation of pCA, P. gallaeciensis elicit a powerful algicide, roseobacticides, to induce algal apoptosis [21]. These dynamic metabolic processes speed up the bloom fading and accelerate the matter circulation.



DMSP degradation dominated by Roseobacter clade plays an essential ecological role in marine sulfur cycles. Roseobacter members are the most abundant bacteria in the phycosphere, accounting for about 15–50% of the entire planktonic bacterial community, according to prior study [62]. Moreover, Roseobacter are the main marine DMSP lytic bacteria, with 12 species capable of degrading and metabolizing sulfides [48]. The concentration of DMSP increases, accompanied by algal growth, and QS bacteria degrade DMSP to produce DMS. DMS further helps with the formation of clouds, which has an impact on algal photosynthesis [63]. QS-based regulation in tiny-scale interactions might be crucial in marine biogeochemical cycles. QS coordinates the interactions between bacterial communities and algae to jointly realize ecological processes. Furthermore, this communication mechanism is widespread in the ocean. However, there is still a lot to learn about QS functions in marine biogeochemical cycles.





4. Methods in Study: Detection and Functional Evaluation


The conventional workflow of detecting QS signals in the phycosphere is using biosensors. Take AHLs detection, for example; the biosensors refer to genetically modified bacteria with defective LuxI synthase, which is dependent on the LuxR protein in demonstrating selectivity binding towards the cognate AHLs capable of activating reporter-gene transcription [64]. These mutants encode the purple pigment violacein or the Green Fluorescent Protein (GFP) and luminesce when exposed to AHLs [3]. After isolating from phycosphere, the expression of bacterial AHLs can be detected by biosensors [65]. In the early stages, the functions of QS signals were commonly evaluated by adding exogenous metabolites. For example, after adding exogenous AHLs and AI-2 molecules into the cyanobacterium Trichodesmium culture, the activity of bacterial APase showed an obvious fluctuation [33].



However, biosensors can commonly only detect a narrow range of signals, so this method is not suitable for quantification [66]. Given this limitation, signals detection by bacterial reporter strains is always in combination with GC-MS and LC-MS methods. With the development of genomics and metabolomics approaches, the presence of AHLs biosynthesis genes in metagenomes can indicate a genetic capability for producing signals. Meanwhile, the development of transcriptomic and proteomic approaches and settlement of model strains has contributed to the exploration of QS-regulated traits. The majority of research has relied on model strains, in which key genes involved in QS are mutated, in particular the lux-like genes. Through establishing the gene knock-out strain, the role of a unique luxR-type gene in Roseobacter clade has been clarified: it controls bacterial colonization and virulence by hindering forming biofilm [22]. In future research, improving the accuracy of detection in signal molecules and analyzing the dynamic variation in community are important.




5. Potential Applications


5.1. Potential Applications in Controlling HABs


Harmful algal blooms (HABs) refer to algal blooms which accompany natural toxin production, dissolved oxygen depletion or other negative impacts [67]. HABs occur worldwide in marine, estuarine and freshwater ecosystems as a considerable threat to human health [68]. Currently, physical and chemical approaches are often utilized to control HABs. These treatments can be effective in a short period of time, but they can generate secondary contamination. Given that limitation, it is necessary to develop environmentally friendly biological treatment methods.



Through screening and detecting the QS bacteria population during the Scrippsiella trochoidea blooming period, it was found that the bacterial dynamic characteristics were correlated with the blooming stage [69]. Meanwhile, the bacteria in the phycosphere provide some of necessary nutrients for host algae. Developing QS inhibitors to interfere bacterial biological functions might be a promising option in biological control of HABs. It was actually proven to be feasible by laboratory work. Hong et al. inhabited the growth of Microcystis aeruginosa by adding QS inhibitor ethyl2-methylacetoacetate (EMA) [70]. Nakashima et al. confirmed that pigment produced by γ-proteobacterium was controlled by QS and showed potent algicidal activity against red tide algae [57]. The QS-based method is more attractive than traditional methods, since it avoids secondary contamination created by chemical reagents. However, there are two problems that need to be explored. First of all, there is no successful ecological application case so far, and the research it is still in the laboratory. As a result, the effectiveness of the application in a natural setting is remains unknown. Second, the mechanism of its activity needs to be further studied, including the consequences of exogenous QS signals on microbial response and whether microbial contamination will be caused.




5.2. Potential Applications in Production of Biofuel


In response to the rising energy needs, a variety of alternative energy sources such as solar, wind and geothermal have been researched and implemented [71]. Microalgae are regarded as an excellent alternative for fossil fuels among renewable energy sources. Unlike terrestrial crops grown for biofuel, marine algae do not require agricultural land for cultivation and hence avoid competing for the land and fresh water needed for food production [72]. Current research focuses mostly on the cultivation of microalgae, utilizing wastewater, genetic engineering modification of microalgae species and optimization of nutritional conditions [73]. Meanwhile, harnessing the effect of bacterial QS on microalgae has emerged as a viable technique for increasing microalgae biomass accumulation. Classes such as Chlorophyta are able to receive, sense and respond to bacterial AHLs, in the way that AHLs induce bacterial creation of aromatic proteins, which subsequently influences cell aggregation [74]. Furthermore, three bacteria strains with AHLs-secreting activity from Chlorella culture significantly increase the polysaccharides and proteins synthesis in microalgae cells, which ultimately stimulates the microalgae biomass accumulation [75]. C14-HSL can upregulate genes involved in intracellular signaling, and oxo-C14-HSL can shift lipid metabolism toward enhanced fatty acid degradation while downregulating cell-cycle genes. As a result, employing AHLs secretory bacteria or introducing exogenous AHLs may help promote algal growth and metabolism, thus increasing biofuel production. However, further research is needed to determine their effectiveness, stability, and degradability in water bodies. At the same time, the molecular mechanism of biofuel production via the algae bacteria system should be revealed [75].





6. Conclusions and Perspectives


Bacterial species that live in the marine phycosphere are commonly within specific classes. Both algae and bacteria are responsible for this phenomenon. Firstly, chemotaxis results in bacteria colonizing and populating in the phycosphere, using the nutrients released by algae and secreting vitamin B and other substances to support algae growth. Algae can identify colonizing bacteria as harmful or beneficial and stimulate the colonization and proliferation of beneficial bacteria. The ecological role of quorum sensing as a bacterial communication language in the phycosphere is not well understood. At present, it has been confirmed that its functions include regulating bacterial-population-level biological activities, promoting the formation of biofilm and ensuring that bacteria maximize access and utilization of nutrients. Meanwhile, QS signal molecules can be directly detected by host algae as a means of regulating dynamic population changes in the phycosphere. QS thus indirectly affects the nutrient exchange between algae and bacteria, and then has an impact on the marine biogeochemical cycle. To summarize, QS, as a small-scale biological activity mediated by diverse substances, has a complicated mechanism of action yet has significant ecological impact. These findings may spark fresh research into the interaction of algae and bacteria in the marine phycosphere. Future work can be carried out from the following aspects:



	1.

	
More research is needed to develop techniques for detection and isolation of signals. A large number of AHLs compounds have been discovered in the phycosphere, while other QS systems have been much less described. Omics techniques are promising for future study, especially the comparative proteomics and metabolomics, which may help to discover new signals. Moreover, it is difficult to detect and quantify the molecules in water directly due to their low concentration and chemical stability. A recent study mentions a progress in AHLs quantification from environmental samples. After flash freezing and solvent extraction, samples were analyzed with an ultra-high-performance liquid chromatography-high resolution mass spectrometry (UHPLC-HRMS) method; AHLs are quantified in high sensitivity. More research into identifying low-concentration QS signals in seawater could help us better understand the algae–bacteria interactions.




	2.

	
More model bacteria–algae systems are required for future study. Many laboratory model systems have confirmed functions regulated by QS signals so far. However, there are only a few strains that can be studied in the lab. Developing new co-culture systems could open up new avenues for research into the biological effects of QS.




	3.

	
Climate influences on QS pathway need to be further explored. Since preindustrial times, CO2 concentration in the atmosphere has increased from ~280 ppm to ~400 ppm today. According to the estimation, anthropogenic CO2 emissions will be projected to lower the pH of the ocean by 0.3 units by 2100. Since the structural integrity of AHLs is susceptible to pH, the fluctuations in pH may result in AHLs hydrolysis. It may have serious consequence among bacteria as well as marine algae. Zoospores of macroalga Ulva detect AHLs to identify bacterial biofilms for preferential settlement. AHLs triggers intracellular Ca2+ in zoospores cells, resulting in a decrease in swimming speed. QS signals are used by organisms as a part of their environmental sensing capacity; the changes in marine chemical factors may have profound consequences for both QS-bacterial and their associated algae.







In conclusion, natural products for QS in marine phycosphere are diverse. Research on them may allow us to better understand their contribution to shape algae–bacteria partnerships and antagonisms. These microscale interactions are further involved in large-scale biogeochemical processes. Future studies should be oriented towards research on the natural matrices mediating the QS process in order to deeply understand algae–bacteria interactions.
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Figure 1. The mechanism of quorum sensing in Gram-negative bacteria: (a) At low bacterial cell density, LuxI catalyzes the synthesis of AHLs and then AHLs diffuse into the extracellular environment; (b) when bacteria are at high cell-density, AHLs diffuse into bacterial cell and bind to the receptor LuxR, and thus activate the transcription of genes under QS control. 
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Figure 2. Diagram illustrating the AI-2 and AHLs biosynthetic pathway (modified from [29]). SAM is transformed into SRH via a series of reactions, and SRH is subsequently converted to DPD, the linear form of AI-2. SAM also serves as substrate with Acyl-ACP for the synthesis of AHLs. 






Figure 2. Diagram illustrating the AI-2 and AHLs biosynthetic pathway (modified from [29]). SAM is transformed into SRH via a series of reactions, and SRH is subsequently converted to DPD, the linear form of AI-2. SAM also serves as substrate with Acyl-ACP for the synthesis of AHLs.



[image: Jmse 10 00699 g002]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
OH

o
/”\/V\/OH

|
o Al-2
/ 4,5-dihydroxy-2,3-pentanedione

THF-CH, SH ) .
THPG-CH, OH g ‘\—370}*
Homocysteine spn ¢ |
% S-ribosy|hom0cysteine Adenine

THF

THPG

H,N
o)
W\S/ @ HN

Methionine Adenosine k\N

OH
ATP+H,0 ”O‘g\:O\,s 0
2
N)jﬁ5 SAH
k\N N
P +P,

methyl- S-adenosylhomocysteine
transferases

HO NH Substrate-CH,
SAM Substrate
S-adenosylmethionine
Acyl-ACP

0

O
\/KJKN
H

AHL MTA
n-acyl methyladenosine

homoserine lactone





nav.xhtml


  jmse-10-00699


  
    		
      jmse-10-00699
    


  




  





media/file0.png





media/file2.png
Low cell density

O
O O

[ )

AHLs

LuxI Lux R

| |

(a)

High cell density

O
O O o O
O O o
o @
() P~

AHLS( ) O) LuxR —— //,)

: I Target genes

LuxI Lux R

| |

(b)





media/file3.jpg
5 a2z
/45 tiyarny 22 potsnedione

ecn, ;K/\-;/@\ :I{‘

THPG-CH, on
Homocystene san <

S Srmommoant_J4070
e
e &

ny
oy o) ot "
& ()i)
Methionine Adenosine

B

Substrate-CH,

sam Substrate
S-adenosylmethionine
AeyACP.
AL TR
nacyl methyladenosine

homoserine lactone:





media/file1.jpg
Low cell density

s

Luxt

—

@

k)

Tuxk —

‘High cell density

m;.."- r
\ | Tegeigenes
Lt [k
P !

— ot —— fuxk —

(b)





