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A review of quorum-sensing and its role in
mediating interkingdom interactions in
the ocean
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Quorum sensing, first described in marine systems five decades ago, is a well-characterized chemical
communication system used to coordinate bacterial gene expression and behavior; however, the impact
of quorum sensing on interkingdom interactions has been vastly understudied. In this review, we examine
how these molecules mediate communication between bacteria and marine eukaryotes; influencing
processes such as development, disease pathogenesis, and microbiome regulation within marine
ecosystems. We describe the varied mechanisms eukaryotes have evolved to interfere with bacterial
quorum sensing signaling, the crucial role these signals play in host-virus interactions, and how their
exchangemay be governed by outer membrane vesicles, prevalent inmarine systems. Here, we present a
dynamic portrayal of the impact of quorum sensing signals beyond bacterial communication, laying the
groundwork for future investigations on their roles in shaping marine ecosystem structure and function.

Global biogeochemical cycling andmarine ecosystemdynamics are dictated
by molecular-level chemical exchanges between marine organisms1. Often,
this chemical communication is orchestrated by bacteria, which secrete
small diffusible quorum sensing (QS) signals2 that induce density-depen-
dent, population-wide changes in microbial behavior and community
composition3. These self-produced chemical signals accumulate locally
within the environment and attain concentrations that activate the tran-
scription of genes critical for fitness4. Since the initial observation of cell
density-dependent luminescence in Vibrio fischeri over fifty years ago5, our
understanding of the diversity of the quorum sensing lexicon and factors
controlling the expression of thesemolecules has expanded significantly. At
themost rudimentary level, themolecular circuitry of quorumsensing relies
on one or more synthase genes, which encode the production of the dif-
fusible signal termed an autoinducer, and one or more receptors, which
dictate transcription, including the synthesis of the signal itself 6,7. Various
classes of QS signals have been identified in marine bacteria. These signals
are characterized by their ability to diffuse from the producing cell, be
recognized by a receiving cell, elicit a response in the receiver that has co-
evolved alongside signal production in the producer, and confer mutual
benefits to both producer and receiver cells4.

Acyl homoserine lactones (AHLs, autoinducer-1/AI-1), alkylquino-
lones (AQs), and α-hydroxyketones (cholera autoinducer-1/CAI-1) con-
stitute the main classes of QS compounds in marine ecosystems8 (Fig. 1).
AHLs are themost abundantQSmolecules inmarine systems, produced by
Gram-negative bacteria from representatives ofAlpha-, Beta- andGamma-
Proteobacteria. More controversial, however, is the inclusion of furanosyl
borate diesters (autoinducer-2/AI-2) in this group, as not all bacteria that

produce AI-2 either have the sensor or trigger a response to AI-2 consistent
with canonical QS systems8. Some believe AI-2 can be at times either a
signal, a cue, or metabolic byproduct used opportunistically for signaling
dependingon thebacterial producer or receiver4,9,10. Similarly, tropodithietic
acid (TDA) might fall into this autoinducer category as well, possessing
some, but not all QS signal properties11. The production of TDA is density-
dependent and induces transcription of tda genes which coincide with
biofilm formation12. Expanding the vocabulary ofQSmolecules further, one
could append this list to include the signal peptide arbitrium (Fig. 1). This
peptide-based communication system used by viruses that infect bacteria is
analogous toQS in bacteria13. Arbitrium-based signaling depends on the cell
density-dependent accumulation of phage-encoded signaling molecules,
which regulate host gene expression to promote a shift from lysis to lyso-
geny, thereby enhancing the long-term survival and propagation of the viral
population within the host community.

QS-molecules are widespread among marine bacteria and are struc-
turally diverse, yet together comprise a “language” allowing bacteria to
behave collectively as a group. While the role of QS signaling in bacterial
communication is well-established8, the exploration of QS molecules’
potential in mediating a wealth of cellular behaviors at the interkingdom
level is still in the early stages14. Intricate recognition mechanisms between
bacteria and eukaryotic cells may occur when host cells detect bacterial
signals or when an autoinducer acts on the host cell without regulation15.
Numerous studies in mammalian systems have identified targets for QS
signals including nuclear receptors (aryl hydrocarbon receptor and per-
oxisomeproliferator-activated receptor),G-protein coupled receptors, Toll-
like receptors, transcription factors (NF-κB), protein kinases (p38 and p42/
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44 kinases), cytoskeletal proteins, and cell-surface lipid domains16. These
targets broadly modulate processes like innate immune responses, lipid
metabolism, inflammatory responses, cell structure, and intracellular cal-
cium (Ca²⁺) signaling pathways (reviewed in ref. 14). In contrast, fewer
studies have identifiedQS receptors in terrestrial plants. Notably, G-protein
coupled receptors inArabidopsis have been shown to be activated by AHLs,
resulting in root elongation17,18. These studies in mammalian systems and
terrestrial plants highlight the complexity of interkingdom QS between
bacteria and eukaryotic host cells, andprovide an excellent starting point for
exploring cognate interkingdom QS receptors and associated regulatory
pathways in marine eukaryotes. In this review, we examine the ability of
bacterial QS signals to influence marine eukaryotic organisms, providing
hostswith chemical contextual cues required for initiatingdevelopmental or
physiological changes to enhance host fitness under distinct environmental
conditions. Furthermore, the presence of QS signals could trigger cross-
kingdom recognition, thereby allowing eukaryotic hosts to take stock
of their bacterial consortia and respond by producing their own small
molecules. The interdependence between hosts and their associated
bacteria covers a spectrum of ecological interactions, from cooperative to
competitive (Fig. 2). Here, we explore the emerging evidence that QS sig-
nals play a pivotal role in shaping co-evolutionary relationships in
marine systems.

Marine ecosystems provide an opportunity to explore the multi-
faceted roles of QS signals and autoinducers. These molecules act as a
shared molecular language understood by both bacteria and eukaryotes,
conveying vital information and directing foundational processes within
marine environments. In this review, we aim to provide insight into the
role of QS signals as drivers of eukaryotic fitness and determinates of
trophic interactions in marine systems. Indeed, the long co-evolutionary
relationship between microorganisms and their hosts has enabled marine
eukaryotes to colonize all ocean habitats by forming holobionts19—an
emerging concept that views a eukaryotic host and its associated
microbes as a single collective organism20. Given the essential role of the
holobiont in host biology and the widespread presence of QS signals in
marine bacteria, the influence of interkingdom signaling on host evolu-
tion merits further exploration.

Recent advances in our understanding of marine host-bacteria inter-
actions illustrate how molecules implicated in bacterial QS contribute to
disease progression, developmental trajectories, and the modification of
marine eukaryotic physiology with examples frommarine invertebrates21,22,
macroalgae23,24, and phytoplankton25,26. Within marine ecosystems, eukar-
yotes both engage in and interfere with QS processes, actively participating
in QS-mediated dialogs by producing compounds or proteins that disrupt
bacterial QS signaling22,27. Mechanisms to disrupt QS systems are classified
as either quorum quenching (QQ)molecules, which enzymatically degrade
QS signals, or quorum sensing inhibitors (QSI), which interfere with QS
signaling by competitively binding toQSmolecule receptors on the bacterial
cell surface28 or by inactivating autoinducer synthases29. The production of
these molecules implies that host-drivenmodulation of bacterial QS signals
may have evolved as a mechanism for eukaryotes to regulate the compo-
sition of their associated microbial communities22,27.

Interactions between marine viruses and microbes dictate the flow
and fate of carbon in marine ecosystems. Viruses are the most abundant
biological entities in the oceans, outnumbering bacteria by 10-fold, with
the majority being bacteriophages—viruses that specifically target and
infect bacteria30. Emerging research now reveals how QS molecules are
influencing bacteriophage success. QS molecules provide critical infor-
mation about bacterial population size, enabling phages to make lysis-
lysogeny decisions by monitoring QS molecules. Likewise, viruses are
responsible for mortality of ~20% of the oceanic photosynthetic biomass
daily31. Recent work has uncovered a novel mechanistic role for a bac-
terial QS signal in mediating viral success within its phytoplankton host25,
offering insight into a complex tri-trophic interaction governed by QS
compounds.

The rapid loss of QS compounds from their source due to diffusion or
fluid flow in the ocean poses a major challenge to maintaining effective
concentrations. Many chemical-mediated interactions are sustained by
physical contact between the microbe and host, or in specialized host
anatomical structures32. Additionally, biofilms produced by bacterial con-
sortia act as sorptive sponges, trapping and concentrating organic
molecules33. Another important mechanism involves outer membrane
vesicles (OMVs), which play a critical role in both stimulating and
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Fig. 1 |Diversity of autoinducermolecules produced bymarine representatives.
The acylated homoserine lactone (AHL) family of QS signals with repre-
sentatives including 3-oxo-C4-HSL (N-3-oxo-butyryl-L-homoserine lactone),
C6-HSL (N-hexanoyl-DL-homoserine lactone), 3-OH-C14-HSL (N-3-hydro-
xytetradecanoylhomoserine lactone). p-Coumaroyl-homoserine lactone
(p-coumaroyl-HSL) is a representative aryl-HSL in which the acyl side chain
is replaced with p-coumaric acid moiety. The cholera autoinducer-1

(CAI-1, (S)-3-hydroxytridecan-4-one) family is produced only in Vibrio
species. The autoinducer-2 (AI-2) family containing furanosyl-borate diester.
The alkylquinolone family of QS signals including 2-heptyl-4-quinolone
(HHQ). Finally, the QS-adjacent representatives including tropodithietic acid
(TDA) and the viral peptide arbitrium encoded by the phage phi3T which
infects Bacillus subtilis.
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distributing QS molecules. The packaging of QS signaling molecules into
OMVsbyGram-negative bacteria appears to bemorewidespread inmarine
systems than previously recognized. This delivery systemnot only preserves
the integrity of the signal during transport but also enables targeted delivery
to specific sites via receptor-mediated processes. Considering the profound
influence of QS signals on aquatic ecosystems and the wide range of hosts
they affect, there is a pressing need for further investigation into how these
signals shape interkingdom interactions in marine environments.

QS-mediated interactions between marine inverte-
brates and their associated bacteria
Secondary metabolites produced by invertebrates and their associated
microbes structure marine populations, communities, and ecosystems.
These chemical cues dictate key processes in the life of an invertebrate,
including predator-prey interactions, habitat selection, and larval
settlement34. Building on the rich body of work dedicated to the chemical
ecology of marine invertebrates34,35, new research has revealed that QS
molecules are an understudied yet essential component of the relationship
between marine invertebrates and their microbiota21,22,27.

The interplay between QS signaling and QS inhibition is a key deter-
minant of disease pathogenesis in marine invertebrates21,36–39. The

ubiquitous detection of QS signals in the microbial consortia of corals
afflicted with Black Band Disease40, suggests QS systems likely play a role in
Black Band Disease communities41. QS signals alone can induce disease in
coral by promoting growth of pathogenic bacteria that overtake the bene-
ficial coral microbiome21,42, suggesting that QS compounds are a driving
factor affecting host microbiome composition. When N-hexanoyl-DL-
homoserine lactone (AHL), a quorum-sensing molecule produced by
marineVibriopathogens43, was applied tohealthyAcropora cervicornis coral
fragments, all samples exhibited tissue loss and died completely within five
days21. This finding suggests that quorum-sensing signals can trigger
commensal bacteria to become opportunistic pathogens.

QS-induced diseases can be prevented by exogenous addition of
QSI36,42 or QQ molecules that inhibit pathogenic growth and induction of
virulence21,39,44. A growing body of evidence demonstrates invertebrates,
including sea anemones, holothurians, and coral mucus, harbor bacteria
capable of producing QSI/QQ as defensive agents against pathogen
colonization45,46. However, pathogens can also use QSIs to disrupt the
microbiome and induce disease by obstructing the QS signaling mechan-
isms of beneficial microbes41. This phenomenon is exemplified by the
cyanobacterial pathogen associated with coral Black Band Disease.
Although typically found in low abundance in healthy corals, once the
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Fig. 2 | Overview of chemical cross-talk driven by quorum sensing signals lib-
erated by bacteria in marine ecosystems. Here, we showcase the diversity of roles
initiated by QS molecules and the consequences of these chemically-mediated
interactions on marine invertebrates, macroalgae, phytoplankton, and viruses. For
example, the quorum sensing alkylquinolone 2-heptyl-4-quinolone (HHQ) (1)
arrests cell division, targets the inhibition of pyrimidine biosynthesis, and protects
the coccolithophore Emiliania huxleyi from virus-induced mortality. Moreover,
lumichrome (2), a derivative of the vitamin riboflavin, is a QS mimic whose release
by exponentially growing E. huxleyi initiates antibiotic production in commensal
bacteria, a likely strategy to thwart bacterial invaders. QS molecules can signal an
impending viral threat to the community and coordinate the reduced expression of

cell surface receptors critical for viral entry, and the induction of CRISPR-Cas
systems to acquire immunity during viral invasion. Conversely, the viral peptide
arbitrium, which is generated by bacteriophages during bacterial host infection,
serves as a communication signal within the viral population, helping to determine
the fate of the host cell. In themacroalgaeDelisea pulchra, halogenated furanones (3)
competitively inhibit acyl-homoserine lactone (AHL) (4) signalling, thereby con-
trolling the bacterial species composition and halting AHL-induced virulence in
macroalgal pathogens. The interaction between QS signalling and QS inhibition
plays a crucial role in the progression of development and disease in marine
invertebrates. Image credit: jenesesimre/ stock.adobe.com.
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disease takes hold, the cyanobacterial pathogen is thought to actively shape
the disease community by cultivating an environment for opportunistic
pathogens to attack the coral host. It does so in part by producing the
secondary metabolite lyngbic acid, which inhibits QS signaling by blocking
CqsS, the receptor for the hydroxyketone signal CAI-1. This blockade likely
results in the modification of the microbiome composition41. A metage-
nomics analysis of bacterial communities associated with bleached and
unbleached corals indicated pathogenicity-associated QS genes encoding
for key proteins in biofilm formation, adhesion, and infection, and virulence
genes were significantly increased in bleached corals29. Furthermore,
researchers discovered that genes encoding molecules involved in
quenching or inhibitingQS signals, annotated asQQ, decreased in bleached
corals. These geneswere negatively associatedwith the presence of virulence
genes, suggesting that the interplay between QS/QQ and virulence could be
a critical tipping point for the onset of disease in corals29.

These findings contribute to an ongoing paradigm shift in our
understanding of disease emergence in marine holobionts, whereby disease
is not caused by exposure to a single pathogen but rather an overall
imbalance, ordysbiosis, inmicrobiome composition that canbe activatedby
QS signaling20,47,48. Dysbiosismay result from theQS-mediated activation of
virulence by commensal bacteria that are usually present in themicrobiome
at low abundances and become opportunistic pathogens when the host
experiences physiological stress21,29. Consequently, native probiotic bacteria
lose their competitiveness, leading to changes in structure and function of
complex host-associated communities, opening up the door for disease to
gain a foothold29,49. By identifying genes regulated by QS/QQ commu-
nication systems that drive complex interactions among the holobiont
members, potential strategies for interventions can be developed to thwart
disease establishment in corals. More broadly, understanding QS-mediated
interactions between invertebrates and their bacterial pathogens is critical to
monitoring physiological stress in marine holobionts in the context of a
changing ocean.

The impact of QS and QQ signaling on marine holobionts is further
exemplified by the emerging role of microbes in invertebrate development50.
Themoon jellyAurelia auritamodulates its production of QQ compounds to
selectively inhibit the QS signaling of bacterial colonizers at different devel-
opmental timepoints, finetuning the composition of the microbiome for each
developmental stage22,51. The jelly’s enhanced QQ defense against bacteria in
the larval ephyra stage may serve as a protective shield for the offspring,
preserving fitness and ensuring their continued developmental progression to
reproductive medusa22. Furthermore, A. aurita polyps and ephyrae express
QQ enzymes at different levels in response to commensal and pathogenic
bacteria, as commensal bacteria induce a decrease in QQ expression while
pathogenic bacteria lead to activation of the host’s QQ repertoire to eliminate
the invader. Understanding how conflict or cooperation is controlled via QQ
and QSI strategies in these invertebrate-associated microbiomes can further
elucidate how microbial taxa drive host development and fitness.

QS-mediated interactions between macroalgae and
bacteria
The role of QS signaling inmediating interactions betweenmacroalgae and
bacteria was first established by foundational studies in the red algaDelisea
pulchra, which produces halogenated furanones that competitively inhibit
AHL signaling52. Located in vesicles at the algal cell surface53, halogenated
furanones may act as gatekeepers that control which bacterial species can
colonize the algal cell, allowing the host to determine the composition of its
associated bacterial community23. Specifically, furanones inhibit signaling
by covalently modifying and inactivating the AI-2 producing enzyme
LuxS52,54,55. This control over microbiome composition enhances algal
defense against disease by preventing host colonization by opportunistic
pathogens and inhibiting AHL-induced virulence of resident bacteria23. For
example, halogenated furanones significantly reduce algal susceptibility to
bleaching23, a lethal disease caused by AHL-induced virulence of two bac-
teria native to the D. pulchra microbiome56,57. By controlling bacterial

colonization through the interferencewithQS systems, algae can ameliorate
the deleterious effects of bacterial pathogens58.

The production of QS inhibitory compounds59–62 or extracts63–68 with
inhibitory activity has been documented for several other macroalgal spe-
cies, suggesting that QS inhibition is a widespread mechanism used by
macroalgae to controlmicrobial community composition and evade disease
by QS-sensing pathogens. The seagrass Halodule pinifolia produces
4-methoxybenzoic acid which inhibits QS-mediated virulence factor pro-
duction and suppresses both QS-mediated virulence gene expression and
production of extracellular polymeric substances required for biofilm for-
mation in the pathogen Pseudomonas aeruginosa60. The brown alga
Laminaria produces themicrobicidal compoundhypobromous acid, which
rapidly and specifically reacts with acyl homoserine lactones. Deactivation
of these QS signals influences biofilm development andmay therefore serve
as an additional strategy for controlling biofouling59. The sodium alginate
oligomer OligoGCF-5/20, produced by Laminaria, acts as a QS antagonist,
leading to the reduction of AHL synthesis via the interference of expression
of both las and rhlQS systems, resulting in altered biofilm architecture and
reduced virulence factor production61. Red algal representatives produce
betonicine,floridoside, and isethionic acidbelieved to inhibit theproduction
or reception of AHLs62. Both N-benzyl cinnamamide and α-resorcylic acid
isolated from the red alga Gracilaria fisheri interfere with AI-2 mediated
bioluminescence in Vibrio harveyi, hypothesized to bind to either the
receptor or autoinducer of the AI-2 system69. Polyphenolic phlorotannins,
derived from brown algae, are most notable for their function as herbivore
deterrents, digestive inhibitors, and antibacterial agents in marine
ecosystems70. These compounds were also found to inhibit QS activity in
QS-sensing violacein reporter strains, accompanied by a decrease in viru-
lence factor production, biofilm formation, and QSmolecule production71.

Production of QS inhibitory compounds is not limited to the macro-
algal host. Members of the macroalgal holobiont including fungi24,72 and
epibiotic bacteria73,74 produce QS-inducing, QQ, and QSI compounds,
including a recently discovered class of α-hydroxy γ-butenolides that
structurally resemble host-produced halogenated furanones72. QSIs from
the marine fungus Penicillium inhibit virulence factors and biofilm pro-
duction via competitive binding to receptor proteins including LasR and
PqsR inP. aeruginosa. Thisbinding likely results in a conformational change
causing the loss of downstreamQS-mediated gene transcription75–77. Fungal
production of these QSIs is enhanced by the presence of QS-inhibiting
bacteria, hinting at layers of chemical complexity underlying the interac-
tions between macroalgae-associated microbes. QS inhibition by epiphytic
fungi and bacteria is essential for host-microbiota equilibrium and pre-
vention of dysbiosis leading to macroalgal disease24,72. By regulating
microbial community composition within the macroalgal holobiont, QS-
mediated dialogsmaintain the health of coastalmarine habitats that depend
on macroalgae for primary production and habitat formation23.

Bacterial biofilms play a significant role in the development of mac-
roalgal communities78. The ability of representatives from green and red
algae to perceive QS signals, albeit through an unknown mechanism, is
more widespread than previously recognized and could be an important
trait contributing to their ecological success58. Finding the ideal substrate for
settlement is critical for benthic organisms and this process is often medi-
ated by infochemicals. Zoospores of the green seaweed Ulva (= Enter-
omorpha) stimulate attachment only in the presence of biofilm strains that
produce AHLs, compared to strains lacking quorum sensing circuits VanIR
andVanMN79. The sensing ofAHLs by zoospores results in a calcium influx
into the cells, reducing their swimming rate and leading to their accumu-
lation at the biofilm surface for settlement80. Paradoxically, the presence of
AHLs was demonstrated to reduce Ulva zoospore germination and early
growth, suggesting that AHLs are a cue to slow growth algal rate lessening
metabolic burden and thereby enhancing survival in nutrient limiting
conditions81. For the red epiphytic alga Acrochaetium sp., life cycle com-
pletion strongly depends on AHL-producing bacteria. Spore release was
stimulated by AHLs in a dose-dependent manner and blocked when using
AHL-receptor-blocking halofuranones82. The molecular mechanisms
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underlying the reported ecological functions of cross-domain signaling
between bacteria and seaweeds requires further investigation to fully
understand the algal receptors and pathways involved in QS molecule
reception.

QS-mediated interactions between phytoplankton and
bacteria
Interactions between phytoplankton and bacteria have been recognized as
the foremost interkingdom relationship in the marine environment83,84.
These interactions propel global biogeochemical cycles1, structure the
foundation ofmarine foodwebs85, and contribute to the regulation of global
climate86. Phytoplankton account for nearly half of global photosynthetic
output87, and as much as half of the carbon they produce is eventually
consumed by heterotrophic bacteria88. In exchange for the provision of
carbon, bacteria provide phytoplankton with essential micronutrients and
vitamins, while also acting as direct competitors for inorganic nutrients84.
This dynamic relationship is mediated by chemical signals, which induce
shifts betweenmutualism and parasitism based on the physiological state of
each partner89,90. QS signals are emerging as a crucial part of chemically
mediated microbial interactions that control phytoplankton population
growth25,26. Given the widespread presence of phycosphere isolates from
phytoplankton blooms with QS-producing capabilities11,91–93, further
research is needed to explore how QS compounds can influence phyto-
plankton community dynamics, and, conversely, how algal metabolites can
impact bacterial QS-mediated signaling.

Within the phycosphere, a region immediately surrounding individual
phytoplankton cells where microscale chemical exchanges occur94, QS sig-
naling drives interkingdom communication between the host and its
microbial assemblage, ultimately determining the composition of the host’s
colonizers19. QS signalsmodulate biofilm formation and bacterialmotility95,
both necessary for initial attachment of bacterial cells within the phyco-
sphere. QS signals produced by phytoplankton promote a switch from a
free-living mode to a surface-attached lifestyle, initiating the selective
colonization of the phycosphere by QS-responsive cells and triggering the
enhancement of biofilm formation and reduced motility. Two bacterial
symbionts adapted to thrive off diatom metabolites, Sulfitobacter pseudo-
nitzschiaeF5 andPhaeobacter sp. F10, possessAHLsynthesis luxI-like genes
adjacent to the transcriptional regulator luxR gene. Both species show
enhanced biofilm formation and reduced mobility in the presence of AHLs
produced by diatom symbionts. An AHL-induced phenotype supporting
enhanced attachment effectively retains these bacteria in the phycosphere,
ensuring their success relative to other competitors96. The reliance on QS
molecules of phycosphere residents to initiate a switch from free-living to
phycosphere-associated is favorable in those species with dependence on
phytoplankton exudates. Simultaneously, there is growing evidence that
bacterial density alone is not the sole trigger of QS expression; rather,
eukaryote metabolites can trigger QS processes97,98. Even among phyco-
sphere residents that can switch phytoplankton hosts, the initiation of QS
production is not universal and is likely the result of a diversity and diver-
gency in the labile metabolites produced by different phytoplankton
species99. Future studies identifying the phytoplankton metabolites
orchestrating quorum sensing expressionwill assist in our understanding of
co-evolutionary cross-talk and metabolic alliances sustaining bacteria-
phytoplankton partnerships in the ocean.

There is also evidence that the diatomhostAsterionellopsis glacialis can
release rosmarinic acid, a QS mimic functionally similar to homoserine
lactones. Thismoleculemay serve as a signal to promote a lifestyle shift from
free-living to phycosphere-enabled symbionts by suppressing motility and
encouraging the attachment of bacterial symbionts100. Rosmarinic acid,
which is also produced by land plants, has been shown to bind to QS
regulators101. In vitro assays found rosmarinic acidwas capable of binding to
the QS-regulator RhlR of P. aeruginosa (PAO1), competing with the QS
signal N-butanoyl-homoserine lactone and activating RhlR-mediated gene
transcription. The use of QS mimics that promote attachment of beneficial
bacteria while simultaneously suppressing opportunists demonstrates an

innate ability of phytoplankton to curate their microbial consortia, with
parallels seen in higher eukaryotes.

Quorum sensing bacteria are not restricted to a particular type of
phytoplankton-bacteria interaction; rather, representatives are ubiquitous
among phycospheremembers11.Metagenomic sequencing across the stages
of a natural phytoplankton bloomhas shed light onQS-mediated dynamics
of the microbial consortia in association with their phytoplankton hosts.
During a bloom of the harmful algal speciesGymnodinium catenatum, QQ
sequences, including lactonases and acylases, were most dominant during
the peak stage of the bloom, which coincided with the lowest bacterial
abundance92. Further research is needed to determine whether deploying
QQ at the height of the bloom provides symbiotic bacteria with a compe-
titive advantage to maintain a foothold within the phycosphere. Additional
studies using bioreactors to simulate shifts among dominant phytoplankton
species have shown that phycosphere bacterial communities are dominated
by QS/QQ-producing members, particularly within the attached microbial
consortia102. Alongside autoinducer production genes, these consortia
possess functional genes regulated by QS signals, such as those linked to
antibiotic activity and iron acquisition—traits that impact bothbacterial and
host fitness. Although complex to interpret, further studies employing
network analysis coulduncover patterns of co-variation among autoinducer
production, regulated functional genes, QQ enzymes, and host responses in
natural populations, supporting the view that QS systems are integral to
phytoplankton bloom dynamics and microbial consortia transitions.

Bacteria also regulate microalgal nutrient acquisition103,104 and popu-
lation size using QS signals. These QS compounds have growth-enhancing
or -inhibiting effects that canbe eliminatedby a change in a single functional
group on the molecule25,26. Studies of Trichodesmium bacterial consortia
indicate that QS signals coordinate the acquisition of phosphorus, an
important nutrient in oligotrophic waters, by regulating alkaline phospha-
tase activity in Trichodesmium colonies104. QS molecules also modulate the
growth and nitrogenase activity of the filamentous cyanobacterium Ana-
baena sp., which produces an acylase capable of inactivating long-chain
AHLs as a possible defense strategy against bacteria communication103. QS
molecules mediate their effects through various mechanisms. For example,
2-heptyl-4-quinolone (HHQ) induces cellular stasis—meaning neither
growth nor mortality—in the coccolithophore Emiliania huxleyi25. Long-
chained AHLs (C14-HSL) promoted growth in the benthic diatom Semi-
navis robusta, while N-3-hydroxytetradecanoyl homoserine lactone (OH-
C14-HSL) and N-3-oxotetradecanoyl homoserine lactone (oxo-C14-HSL)
inhibited growth26. The production of dimethysulfoniopropionate (DMSP)
is associated with the phycosphere of phytoplankton cells, where higher
nutrient concentrations exist compared to the surrounding water column.
When grown in the presence ofDMSP, an organosulfur osmolyte produced
by phytoplankton, the bacterium Ruegeria pomeroyi produces N-(3-oxo-
tetradecanoyl)-L-homoserine lactone concomitant with differential
expression of intra- and extracellular metabolites105. These DMSP triggered
QS signal-mediated changes in gene expression lead to the release of
metabolically high-value biosynthetic intermediates useful in cross-feeding.
Production of these intermediates is thought to switch R. pomeroyi to a
cooperative lifestyle with other bacteria and phytoplankton. The episodic or
strategic release of metabolites by phytoplankton can cue QS-mediated
changes in bacteria metabolism to allow for scenarios favoring a mutually
beneficial exchange of high-value metabolites.

Additionally,QSmolecules can activate algicidal activity in commensal
bacteria that retaliate against their phytoplankton hosts106,107. This is
demonstrated by the phycosphere isolateBacillus subtilis (strain JA) against
the alga Alexandrium minutum108, and by the bacterium Ponticoccus sp.
against its host alga Prorocentrum donghaiense as well as two other red tide
microalgae, Phaeocystis and Alexandrium109. Bacterial production of algi-
cidal compounds has previously been described as a response to host
senescence that allows bacteria to quickly access the carbon producedby the
dying algae before finding a new host90. Specifically, Phaeobacter gallae-
ciensis is able to sense the physiological state ofE. huxleyi by the liberation of
p-coumaric acid, a degradation product of algal lignin released by senescing
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cells, and induce the up-regulation of algal degrading roseobacticides90.
Interestingly, p-coumaric acid serves as a precursor for p-coumaroyl-HSL
(p-C-HSL) (Fig. 1), a non-fatty acyl homoserine lactone recently identified
as a potential quorum sensing signaling molecule110. This discovery
broadens the repertoire of QS signals and highlights a potential co-
evolutionary relationship between the algal host and the p-C-HSL-produ-
cing bacterium. During E. huxleyi’s exponential phase, Phaeobacter gal-
laeciencis provides the alga with growth inducers like auxins and produces
the potent broad-spectrum autoinducer antibiotic TDA to fight algal
pathogens111–113 in return for the sulfur source DMSP114,115. The production
of semiochemicals associated with different life stages of the phytoplankton
host may convey information about phycosphere nutrient availability10.
Therefore, QS signaling or the acquisition of QS-precursors may represent
another strategy bywhich bacteriamanipulate algal populationdynamics to
maximize access to host-derived nutrients.

On the cellular and molecular level, QS compounds fundamentally
restructure phytoplanktonmorphology andgene expression.E. huxleyi cells
exposed to nanomolar concentrations of the QS molecule HHQ exhibit
increased lipid storage, nuclear envelope disintegration, and changes in
chromatin structure. These morphological effects in lipid storage andDNA
replication parallel the transcriptional changes induced by HHQ, which
involve differential expression of genes involved in lipid metabolism, DNA
repair, and cell cycle regulation25,26. In our attempts to understand how QS
molecules are sensed by phytoplankton, the growth promoting molecule
C14-HSL enhanced the expression of intracellular signaling transcripts in
the diatom S. robusta. These transcripts include genes containing motifs
found in receptor-like kinases, G-protein coupled receptors, receptor-type
guanylate cyclases, and protein kinase domains—all of which initiate
eukaryotic signaling networks26. Conversely, oxo-C14-HSL exposure in S.
robusta led to the downregulation of cell cycle genes, induced a switch to
increased fatty acid degradation, and caused photoprotection mechanisms
to be induced in concert with the down-regulation of photosynthetic genes
involved in light harvesting26. These studies offer the first look into the
complex web of molecular interactions that QS molecules trigger in phy-
toplankton, as revealed through the lens of gene transcription. The recent
discovery that the alkylquinolone, HHQ is a potent inhibitor of dihy-
droorotate dehydrogenase, an enzyme involved in pyrimidine biosynthesis
in the coccolithophore Emiliania huxleyi, establishes a novel avenue
throughwhichQSmolecules shape algal physiology and further suggests an
intimate co-evolutionary relationship between the algal host and QS signal
producing bacterium116. Building on these foundational transcriptomic and
enzymatic studies, metabolomic profiling is poised to reveal whether bac-
teria use QS signals to induce algal production of specific metabolites,
allowing bacteria to “farm” their phytoplankton hosts.

Phytoplankton are not only passive recipients of bacterial QS signals.
Globally abundant microalgal species such as Chlamydomonas
reinhardtii117, Phaeodactylum tricornutum118, andE. huxleyi119 are known to
produce theQSmimic knownas lumichrome,whichwas found to stimulate
the LasR receptor from P. aeruginosa. Docking studies indicate that lumi-
chrome and its precursor riboflavin are both recognized in theAHLbinding
pocket of LasR120. Lumichrome induces the production of antibacterial
compounds by Vibrio spp., thereby protecting the phytoplankton from
bacterial pathogens119. QSmimics like lumichrome and riboflavin therefore
represent another mechanism by which marine eukaryotes manipulate
bacterialQS signaling throughLasR-like receptors to prevent host disease or
modulate the phycosphere community. The production of QS mimics is a
promising yet understudied area of research, and future studiesmay reveal a
diversity of currently unknown QS-modulating compounds produced by
marine phytoplankton.

Throughout their co-evolutionary history, phytoplankton and their
bacterial symbionts have likely relied onmutual exchanges of infochemicals
to guide their decision-making. Algal metabolites serve as metabolic sign-
posts, allowing bacteria to assess the host’s physiological state and trigger
metabolic shifts that favormutual nutrient exchange. QS systems evolved to
detect and respond tophytoplanktoncues, alteringbacterial gene expression

to promote a transition from a free-living to a particle-associated lifestyle
that benefits both partners. In turn, phytoplankton hosts likely developed
structural QS mimics to encourage this lifestyle shift, gaining protection
through the bacterial production of antibiotic compounds that ward off
pathogens. Other algal metabolites evolved to silence QS signaling, likely
fostering specific mutualistic or commensal relationships within the phy-
cosphere community. Meanwhile, bacteria influence host fitness by
deploying QS signals that activate algicidal activities, enabling them to
exploit dying phytoplankton. These QS-mediated interactions highlight the
intricate co-evolutionary complexity of bacteria-phytoplankton relation-
ships. Future work aimed at identifying key bacterial and algal infochem-
icals, mapping their regulatory targets with host and QS pathways, and
elucidating their downstream physiological effects on both bacteria and
phytoplanktonfitnesswill help decode themolecular circuitry shaping these
fundamental marine interactions.

Impacts of QS signaling on host-virus dynamics
Viral infection of marine microbes drives nutrient cycling and governs
microbial community composition in the oceans31. Viruses are the most
numerous biological entities in the ocean and nearly 20% of primary pro-
ductivity is turned over daily due to viral infection. While host-virus
dynamics operate at global scales to influence carbon and nutrient cycling,
recent investigations have highlighted how chemical communication stra-
tegies operating on the molecular level similar to bacterial QS systems
influence viral strategy. These signaling mechanisms allow viruses to
manipulate host bacterial communication pathways to optimize lysis-
lysogeny strategies121,122. Chemical signaling is a pivotal aspect in the con-
tinuous evolutionary struggle between viruses and their bacterial hosts,
whereby bacteria evolve new antiviral protection methods while viruses
develop strategies to bypass these defenses123. In the course of a billion years
of evolution, viruses that infect bacteria, termed phage, have developed the
ability to monitor the number of uninfected bacteria in a population using
QS signals or similar compounds used in microbial communication. This
unique capacity gives phage a strategic advantage, allowing them to toggle
their infection trajectory depending on the number of nearby infection
attempts121.

QS compounds are a significant component of bacterial defenses
against viral attack. The density-dependent nature of QS signaling provides
critical information about bacterial population density that allows bacteria
to weigh the costs and benefits of different antiviral defense strategies124. QS
molecules can disrupt viral attachment by downregulating the expression of
bacterial cell surface receptors used for viral entry124–126. For example,E. coli,
which does not produceAHLs itself, reduces the numbers of LamB λ phage
cell surface receptors in response to AHLs, resulting in a 2-fold reduction in
the adsorption of phage. This reduction in turn increases the number of
surviving E. coli cells. This protective cascade of events is dependent on the
presence of E. coli’s AHL receptor SidA, and not a secondary side effect due
to the presence of AHLs manipulating the media environment. However,
downregulation of these receptors is energetically costly since the receptors
are involved in key cellular functions, such as nutrient acquisition and
motility124. The density-dependence of QS signaling allows bacteria to
downregulate these critical receptors only in high-density populations
where virions released by infected cells are most likely to infect another
host124. Given that phage, once thought to have narrow host specificity, can
adapt to newhosts at high rates, this strategy also benefits those bacteria that
eavesdrop onQS signals rather than producingQS signals themselves127. QS
signaling can therefore steer bacterial populations toward themost effective
antiviral defense strategy and allow populations to adapt to dynamic
infection landscapes126.

QS molecules also fortify antiviral defenses in bacteria by inducing
coordinated expression of the CRISPR-Cas immune system, which allows
bacterial populations to acquire immunity against a diverse rangeof possible
invaders128,129. This diversity within the collective immune system of a
population is essential for antiviral defense because viruses can develop
resistance to CRISPR-Cas through a single point mutation128,130. However,
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CRISPR-Cas expression is costly to the host since autoimmunity can cause
the CRISPR-Cas system to target the host genome itself 128,131,132. Therefore,
the density-dependent nature of QS signaling again functions to ensure that
CRISPR-Cas is only triggered in high-density bacterial populations most at
risk of viral infection128,129,133.

Viruses have already co-opted numerous facets of the bacterial QS
system to gain an advantage in the coevolutionary arms race122. Viruses
possess genes encoding bacterial QS molecules134 as well as membrane
receptors that bind QS compounds135, suggesting that viruses can listen to
and participate in QS-mediated bacterial communication. Detection of QS
signals allows eavesdropping viruses to determine the density of a bacterial
population, a key factor influencing the shift between lysis and
lysogeny135,136. For example, vibriophages encode a receptor specific to the
autoinducer 3,5-dimethylpyrazin-2-ol, aQS compound produced byVibrio
cholerae135. Binding of 3,5-dimethylpyrazin-2-ol to the vibriophage-
encoded QS receptor and transcription factor (VqmAphage) signals a high
bacterial-host cell density to the phage, triggering the lytic pathway135.
Presently, the specific cue that activates vqmAphage expression is unknown.
However, it is hypothesized that a low-level production of VqmAPhage is
triggered in response to an environmental stimulus or unstable state. Viral
recognition of QS compounds may induce either a lytic or lysogenic life
cycle in different phage-bacteria systems135–138, based on the distinct
advantages providedby lysis versus lysogeny to the virus135,139. As a key form
of information used by viruses in making lysis-lysogeny decisions, QS
molecules are a fundamental determinant of the fate of virally infected
bacterial populations and, therefore, a central element shaping the structure
of marine microbial communities.

Further exemplifying the dynamic coevolutionary relationship
between viruses and bacteria, phage have developed their own QS-like
system of smallmolecule communication, known as arbitrium. This system
requires three phage genes to produce the signal peptide, serve as a receptor,
and regulate lysogeny13. Arbitrium involves the use of small peptide sig-
nalingmolecules released by phage-infected bacteria as amessage for future
phages infecting the same bacterial population. The concentration of these
peptides indicates the number of previous viral infections in the population,
and if at sufficient titer, indicates a significant number of the host cells in the
populationmay already have been lysed. This leaves few remaining hosts for
new viral progeny released through a lytic program, and shifts infection
dynamics to a lysogenic model to avoid the risk of new progeny phage
lacking a host to infect13. Therefore, a high concentration of the signaling
peptides during later stages of infection increases the probability of lysogeny
over lysis for a new phage entering the population. When modeled, phage
using small-molecule signals as determinates of the switch in lytic versus
lysogenic lifestyles were found to outcompete non-communicating phage,
particularly when host densities become low140. Subsequent to the discovery
of the ‘arbitrium’ QS system, an additional host-derived QS system in the
Bacillus phage phi3T genome was discovered (Bernard et al. 2021). This
system downregulates host defense mechanisms during infection when cell
stress or cell abundance is high and phage titer is low, making it the first
known virus with two communication repertoires141. The evolution of the
arbitrium system and others demonstrates that phage have not only imi-
tated but also improved on the bacterial QS model by innovating a mole-
cular mechanism to facilitate transmission of information across different
generations about prior infection events13.

Finally, the story of how QS molecules impact viral success gains
additional complexity as we investigate tripartite interactions between a
eukaryotic host, a virus, and bacterially-derived QS signals. Pollara et al.
2021 demonstrated that the coccolithophore E. huxleyi likely gains pro-
tection against viral mortality through QS signal-mediated physiological
remodeling of the eukaryotic host. Phytoplankton cells exposed to nano-
molar concentrations of the alkylquinolone HHQ, however, were still sus-
ceptible to viral infection by E. huxleyi virus, but displayed a significantly
reduced burst size, or the total number of viral particles release per host cell,
when compared to controls142. Subsequentwork identifiedHHQas a potent
inhibitor of E. huxleyi dihydroorotate dehydrogenase, a fundamental

enzyme catalyzing the fourth step in pyrimidine biosynthesis and a known
antiviral drug target116. This finding established a novel avenue through
which a bacterial QS molecule can shape algal physiology and revealed
fundamental insights into ecologically significant tripartite interactions in
the phycosphere.

Role of membrane vesicles in transport of QS
molecules
Critical to understanding how QS molecules mediate interkingdom com-
munication is describing the cellular processes of infochemical exchange
between organisms. Perhaps most vital is the question of how hydrophobic
QS molecules are transferred at sufficient concentrations through aqueous
environments143, such as the ocean.A compelling solution to this problem is
the transport of QS compounds within lipid-bound outer membrane
vesicles (OMVs) that shield the hydrophobic QS compounds from the
aqueous environment143. Gram-negative bacteria securely secreteQS signals
and other products to their intended targets usingOMVs, formedwhen the
bacterial outer membrane buds and internalizes cargo144. In marine eco-
systems, the concentration of OMVs in oligotrophic waters are approxi-
mately 105/mL145.OMVs arewidespread throughoutmarine systems145, and
the transport of QS molecules within OMVs has been reported in marine
bacteria146,147, suggesting that OMVs may be a significant yet understudied
mechanism of infochemical exchange in the oceans. The transport of QS
signals within OMVs is dictated by complex feedback loops in which QS
molecules and products of QS-regulated pathways are transported within
OMVs and regulate the formation of the vesicles themselves143,148,149.
Investigating the interconnections between QS signaling and OMVs is a
promising area of future work that may provide key insights into the
mechanisms of infochemical exchange in the oceans.

OMVs as vessels forQS delivery regulatemany of the same fundamental
processes controlled by QS signaling, including bacterial pathogenicity, host-
virus dynamics150, and eukaryotic development151. OMVs are integral to the
QS-mediated dysbiosis that causes coral disease150, as coral pathogens are
known to produce OMVs containing AHLs and other virulence-related
proteins147. The information-trafficking function of OMVs has also been
exploited by viruses, using phage receptors and small RNAs as OMV cargo to
propagate infection in bacterial and eukaryotic host populations152,153. By
facilitating the transfer of phage receptors between cells in a bacterial popu-
lation, OMVs can induce short-term susceptibility to viral infection in pre-
viously resistant bacterial subpopulations153. OMVs also mediate viral
infection of phytoplankton cells, as infected cells release OMVs containing
small RNAs that extend viral half-life in the extracellular environment and
increase the rate of viral infection152,154. Viruses have therefore evolved the
ability to hijack the host’s OMV machinery to accelerate viral infection of a
population150.However,OMVsdelivermore than just badnews to eukaryotes,
as they also function as carriers of critical information required for eukaryotic
development. For example, the Hawaiian bobtail squid (Euprymna scolopes)
uses OMVs produced by its symbiotic bacterium Vibrio fischeri as a key
checkpoint required to indicate successful bacterial colonization before the
induction of irreversible light organ morphogenesis151. Considering the well-
established role ofQS signals in inducingbioluminescence ofV.fischeriwithin
the squid light organ155, the emerging importance of OMVs in this host-
microbe symbiosis highlights the significant interconnection between OMVs
and QS signals as a key area for future study.

Summary and outlook
A vast expansion is underway in our understanding of QS signaling in the
oceans, revealing that quorum sensing is a crucial mechanism of inter-
kingdom signaling through which bacteria shape eukaryotic development,
physiology, and ultimately fitness (Fig. 2). In tandem, eukaryotes produce
metabolites that can be recognized by bacterial QS receptors and serve as
interkingdom signals. Moreover, eukaryotes have evolved the ability to
eavesdrop on bacterial QS conversations, and can respond by usingQQand
QSI compounds to circumvent bacterial community dynamics and mod-
ulate the composition of their associated microbiome (Table 1). These
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Table 1 | Processes mediated by interkingdom QS signaling

General Process Signal/Molecule Target Organisms and Specific Role(s) References

Development QQ enzymatic degradation of AHL and AI-2 molecules Aurelia aurita (moon jellyfish)
Regulation of microbiome composition based on
developmental stage

22

AHL Ulva (Enteromorpha) sp. (green alga)
Spore liberation, attachment, and germination

80,81,158,159

Hydroides elegans (marine polychaete) and Balanus
improvises (barnacle)
Settlement

160,161

Disease pathogenesis or
interference in QS signaling

AHL Acropora cervicornis (coral)
Regulation of microbiome composition – pathogenic vs
beneficial bacteria

21,36

Pocillopora damicornis (coral)
Regulation of microbiome composition – pathogenic vs
beneficial bacteria

42

QQ degradation of AHL Artemia salina (brine shrimp) and Venerupis philippinarum
(Manila clam)
Virulence of pathogenic bacteria

39

Production of acylases with QQ activity in Anabaena sp.
(filamentous cyanobacterium)

162

Nitzschia cf pellucida (diatom)
Haloperoxidase inactivation of AHLs

163

Gymnodinium catenatum (dinoflagellate)
Production of lactonases and acylases

92

N-benzyl cinnamamide and α-resorcylic acid (inhibition
of AI-2 signaling)

Gracilaria fisheri (red macroalgae)
Bind to either receptor or autoinducer in AI-2 system

69

Lyngbic acid (inhibitor of CAI-1 signaling) Roseofilum reptotaenium (cyanobacteria)
Inhibition of QS signaling via CqsS receptor in beneficial
bacteria

41

Halogenated furanones (inhibitor of AHLs) Delisea pulchra (red alga)
Virulence of pathogenic bacteria

23,56

4-Methoxybenzoic acid Halodule pinifolia (seagrass)
Inhibits QS-mediated virulence gene expression, biofilm
formation and virulence factor production

60

Hypobromous acid Laminaria sp. (brown macroalga)
Deactivates AHLs impacting biofilm formation

59

Sodium alginate oligomer OligoG CF-5/20 Laminaria sp. (brown macroalga)
QS antagonist due to interference with Las and Rhl QS
systems; reduced biofilm formation and virulence factor
production

61

Betonicine, floridoside, isethionic acid, and
phlorotannins

Various red and brown macroalgal representatives
Inhibit production or reception of QS signals

62,71

Microbial community
composition

AI-2 Ascophyllum nodosum, Pelvetia canaliculata, Laminaria
digitata, and Saccharina latissima (brown algae)
Regulation of microbiome composition; prevention of
dysbiosis

24

QQ degradation of AHL Hydra vulgaris (hydroid)
Regulation of microbiome composition

27

TDA Phaeobacter gallaeciencis (bacterium) producer as a broad-
spectrum antibiotic to prevent algal pathogens of Emiliania
huxleyi (coccolithophore)

111–113

Rosmarinic acid (QS mimic) Asterionellopsis glacialis (diatom)
Signal to surface-associated lifestyle switch by bacterial
symbionts

100

Lumichrome (QS mimic) Phaeodactylum tricornutum (diatom) and Emiliania huxleyi
(coccolithophore)
Recognized by LasR; induces antibiotic production in
Vibrio spp.

118–120

Dimethysulfoniopropionate (DMSP) General organosulfur osmolyte produced by marine
phytoplankton
Triggers QS signal-mediated changes in bacteria gene
expression; switch to cooperative lifestyle

105

Population growth & cell
physiology

AHL Seminavis robusta (diatom)
Cell cycle regulation; Lipid metabolism

26

104
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sophisticated interkingdom interactions between bacteria and eukaryotes
likely have evolved to favor symbiotic exchanges between partners or
mitigate deleterious interactions with eukaryotic hosts that deploy mimics
or signal curtailingmechanisms as a defense strategy.With a diversity of key
players in interkingdom QS signaling now identified, interrogating the
molecular and biochemical mechanisms underpinning these interactions is
needed to fully understand the role of QS-mediated communication in the
marine environment.What specific biochemical pathways doQSmolecules
target to manipulate eukaryotic metabolism and physiology? What cell
surface receptors or transcription factors are shared betweenQS-producing
bacteria and QQ/QSI-producing eukaryotes that facilitate chemical com-
munication between these organisms?What are the regulatorymechanisms
that dictate how QS signals modulate viral reproduction strategies in
response to host cell density and physiological state? Answering these
questions will vastly expand our understanding of the microscale cellular
interactions shaped by QS signaling that dictate marine community
dynamics.

A major gap in our current understanding of QS signaling is how
environmental conditions and host physiological state affect the production
of QS compounds in natural systems. To provide a complete picture of the
biotic and abiotic factors that impactQS signaling, futureworkmust expand
the study of QS signaling beyond the laboratory setting, using novel field-

based methods to accurately probe and quantify the presence of QS com-
pounds in natural systems. Laboratory studies have placed fundamental
limits onour understandingofmarineQS signaling, as only a small subset of
marine bacteria are ultimately cultivable in the laboratory setting. Fur-
thermore, determining ecologically relevant concentrations ofQSmolecules
for use in laboratory research is challenging because measurements of bulk
seawater do not accurately represent the concentration of QS signals in the
distinct microenvironment surrounding microbial cells or in biofilms.
Accurate quantification of QS molecules necessitates innovative experi-
mental methods leveraging emerging technologies, such as live bacterial
biosensors that use fluorescent reporters to detect QS compounds. These
approaches can enhance our understanding of the spatial and physical
heterogeneity of QS molecule gradients experienced by organisms at the
microscale. Ultimately, such technologies will help determine the effective
“range” of infochemicals in situ within marine ecosystems. Additionally,
the use of microfluidics can allow us to precisely control flow and QS
gradients to examine physiological response at the level of single cells156.
Furthermore, while laboratory studies have hinted at the synergistic
effects of QS-inhibiting signals produced by the co-culturing of marine
microbes, it is essential to prioritize examinations of natural systems
to comprehensively delineate the spectrum of interactions between QS-
producing marine microorganisms and the biological entities that

Table 1 (continued) | Processes mediated by interkingdom QS signaling

General Process Signal/Molecule Target Organisms and Specific Role(s) References

Trichodesmium (cyanobacterium)
Increase in alkaline phosphatase activity

Anabaena sp. (filamentous cyanobacterium)
Modulating growth and nitrogen metabolism

103

Tetramic acids; resulting from the rearrangement via
Claisen-like condensation reaction of 3-oxo-AHLs

Phaeodactylum tricornutum (diatom)
Decrease in photosynthetic efficiency; growth inhibition

164

2-heptyl-4-quinolone (HHQ) Emiliania huxleyi (coccolithophore)
Cell cycle regulation; DNA repair; Lipid metabolism; Viral
mortality; Pyrimidine biosynthesis

25,116,142

Phaeodactylum tricornutum (diatom)
Obstructs photosynthetic electron transport via inhibition of
cytochrome b6f complex; inhibition of mitochondrial
respiration lowering ATP levels

165

Regulation of algicidal
activity

AHL Ponticoccus sp. (bacterium) against Procentrum
donghaiense (dinoflagellate)

109

AI-2 Bacillus subtilis (bacterium) against Alexandrium minutum
(dinoflagellate)

108

p-Coumaric acid resulting from algal lignin degradation;
precursor of p-coumaroyl-HSL

Emiliania huxleyi (coccolithophore)
Stimulation of the production of algaecides (troponoids) by
Phaeobacter gallaeciencis

90

p-Coumaric acid (or other phenylpropanoids) and 3-OH-
C10-HSL (AHL)

Emiliania huxleyi (coccolithophore)
Induction of roseobacticide-specific genes and tda operon
to produce algaecides (roseobacticides) by Phaeobacter
inhibens

166

Viral attachment/entry AHL Escherichia coli and phage λ 124

Vibrio anguillarum and phage KVP40 126

CAI-1 and AI-2 Vibrio cholerae and associated phages 125

CRISPR-Cas immunity AHL Pseudomonas aeruginosa 128

Serratia sp. 129

QQ degradation of AHL Chromobacterium violaceum and Pseudomonas
aeruginosa

133

Viral hijacking of QS systems 3,5-dimethylpyrazin-2-ol Vibrio cholerae and phage VP882
Regulation of lysis-lysogeny decisions

135

AI-2 Escherichia coli and phage T1
Regulation of lysis-lysogeny decisions

137

AHL Vibrio anguillarum and ϕH20-like phage
Regulation of lysis-lysogeny decisions

136

Phage-produced “arbitrium” signaling peptides Phage of SPbeta group infecting Bacillus subtilis
Regulation of lysis-lysogeny decisions

13
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receive and interpret these signals157. This integrated approach to compre-
hendingmarineQS signalingwill provide critical insights into themolecular
interactions that structure marine ecosystems.
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