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N-acyl homoserine lactone signaling
modulates bacterial community
associated with human dental plaque
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Dental plaque is a complex oral biofilm responsible for periodontal diseases. Bacterial biofilms are
often regulated by Quorum Sensing (QS) mediated byN-acyl homoserine lactones (AHLs). While their
presence and roles in oral microbiota have been debated, emerging evidence suggests AHLs
influenceoral biofilmdevelopment. AHLs are detectable in amicrobial community derived fromhuman
dental plaque cultured under 5% CO2 but not under anaerobic conditions. Manipulating QS in this
community via AHL lactonases enriched commensals and pioneer colonizers under 5%CO₂, whereas
in anaerobic conditions exogenous AHLs promoted late colonizers. QS disruption reduced biofilm
formation, enhanced sucrose fermentation to lactate, and alteredmetabolic profiles of the community
depending on the lactonase substrate specificity. Our findings highlight the importance of AHL-
mediated QS in oral biofilm development and suggest its differential roles under aerobic versus
anaerobic conditions. Targeting QS may offer a novel strategy for managing oral biofilms and
preventing periodontal disease.

Quorum sensing (QS) is a cell-density-dependent bacterial communication
systemmediated by small diffusible signalingmolecules called autoinducers
(AI)1,2. There are three major types of AIs:(i) AI-1 (N-acyl homoserine
lactones or AHLs)3–5; (ii) AI-26–9 consisting of 4,5-dihydroxy-2,3-pentan-
dedione (DPD)derivatives10; and (iii) autoinducing peptides (AIPs), specific
toGram-positive bacteria11. AIs are typically secreted into the environment
andcan re-enter the cells either bypassivediffusion in the caseofAI-13 or via
active transport for AI-2 and AIPs6,12,13. During re-entry, AIs bind to their
target receptors on the membrane (AI-2; AIPs) or in the cytoplasm (AI-1)
regulating the expression of numerous genes2. Indeed,QS can regulate up to
26% of the bacterial genome14. By controlling gene expression, QS regulates
several bacterial behaviors such as biofilm formation, virulence, and anti-
microbial resistance15,16. These behaviors are critical for bacterial adaptation
to varying ecological niches, often characterized by hostile environmental
conditions and inconsistent nutrient availability17.

Dental plaque is a complex oral biofilm adhering to the tooth surface,
and is composed of commensal, symbiotic, and pathogenicmembers of oral
microbiota18. The core microbiome of the human oral cavity is normally
comprised of microorganisms, including bacteria, fungi, archaea, protozoa,
and viruses19,20 that inhabit distinct ecological niches in unique oral envir-
onments such as gingival sulcus, tongue, cheek, soft andhard palates, throat,

saliva, and teeth21,22. The bacterial taxonomic diversity in the oral cavity
includes about 700 species belonging to 185 genera and 12 phyla23,24. The
healthy oral microbiome is dominated by Gram-positive commensal bac-
teria such as Streptococcus and Actinomyces ssp. with high propensity for
fermentation.25–27. Abrupt ecological changes and alterations of host-
associated innate and adaptive immunity in the oral cavity can cause dys-
biosis. Dysbiosis is characterized by an increased prevalence of anaerobic
Gram-negative pathogenic bacteria with high proteolytic activity, such as
Porphyromonas28, often leading to the development of periodontal
diseases25–27.

Dental plaque formation is characterized by asynchronous spatial and
temporal colonization of the tooth surface requiring interactions between
several groups of bacteria29–31. Interbacterial interactions are hypothesized to
depend in part on QS-dependent regulation of cellular metabolism, phy-
siology, secretion, virulence, motility, attachment, and cooperativity/
competition32,33. AI-2 and AIPs are known to be important in the develop-
ment of oral biofilms.Many dental plaque colonizers were shown to produce
and/or respond to AI-2,34–41. Gram-positive pioneer colonizers like oral
Streptococcus species can utilize AIPs42–45. Hence, AI-2/AIP-mediated QS
appears tobe theprimarymodeof signalingandregulation that contributes to
the formation and development of oral biofilms including dental plaque33.
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The potential role of AI-1/AHL-based QS in the development of dental
plaque and other oral biofilms remains elusive. In fact, AHLs were long
undetected in cultures of pathogenic oral microbiota36,46,47. Given the lack of
identifiedAHL synthases and receptor homologs in plaque pathogens, AHLs
have been considered to make an insignificant contribution to oral biofilm
formation48,49.

This paradigm may be ripe for change. Various types of AHLs are
found in human saliva samples50–52. Sources include the AHL-producing
Gram-negative bacteria Pseudomonas putida53, Enterobacter54, Klebsiella
pneumoniae55, Citrobacter amalonaticus56 and Burkholderia57, found on
tongue surfaces and within dentine caries. Certain strains of the oral
pathogen Porphyromonas gingivalis also possess AHL synthase/receptor
homologs58,59 and produce small quantities of AHLs in both axenic and
multispeciescultures52. Indeed, putativeAHLbiosynthetic genes exist inoral
microbial genomes60. Metagenomic analysis of human dental plaque
revealedahigh abundanceofAHL-synthase (HdtS), receptor homologs and
Quorum Quenching (QQ) enzymes61. Muras and colleagues have recently
shown50,52,61 that while exogenously added AHLs promote the growth of
pathogens in oral communities, AHL-degrading QQ enzymes inhibit oral
biofilm formation and alter their microbial composition.

Yet, the specific role(s) of AHL-mediated QS in oral communities
remain unclear. To increase our understanding of the importance of
AI-1, one strategy is to apply different AHL signals and AHL-
degrading lactonases onto oral microbial communities grown under
different oxygen conditions and evaluate their effects. Lactonases are
QQ enzymes that hydrolyze the lactone ring of AHLs and disrupt AHL-
mediated QS62–65. We have previously characterized a variety of lac-
tonases, including SsoPox from the Phosphotriesterase-like Lactonase
(PLL) family66–68 and GcL from the Metallo-β-Lactamase (MLL)
family69. Interestingly, these two lactonases exhibit distinct, yet over-
lapping substrate specificities: SsoPox preferentially degrades long-
chain AHLs (C8 or longer)68 and GcL is a generalist lactonase with
broad substrate specificity69. This distinction is important because
AHLs mainly vary by the length and decoration of their acyl chain, and
these changes in chemical structure modulate signal specificity65,70–73.
These chemically diverse AHLs are produced and sensed by a variety of
bacteria. Therefore, the use of these enzymes may capture signal-
specific changes to the oral community. Lactonases reduce the
pathogenicity of Gram-negative bacterial species both in vitro74,75 and
in vivo76–79. Lactonases hydrolyze AHLs and therefore quench AHL-
dependent QS signaling pathways. QQ downregulates networks of
genes, responsible for the production of virulence factors and enzymes
that contribute to phenotypes commonly associated with pathogeni-
city such as antibiotic resistance, biofilm formation, host colonization
and tissue damage. The substrate preference of lactonases correlates
with distinct proteome profiles, virulence factor expression, antibiotic
resistance profiles, and biofilm formation16,80,81.

In this study, we investigated the importance of AHL-signaling in
biofilms and planktonic cultures of amodel human supragingival-origin
plaque community82,83 under both aerobic (5% CO2 atmosphere) and
anaerobic conditions. AHLs were detected in plaque community cul-
tures using a plasmid-based AHL biosensor and High-Performance
Liquid Chromatography Mass Spectrometry (HPLC-MS). We also
evaluated the effects of exogenous AHLs of varying acyl chain lengths
(C6 and C12) and QQ lactonases (SsoPox and GcL) with distinct sub-
strate preference on the microbial composition of the plaque commu-
nity. In response to these treatments, changes in microbial composition
and population structure of the community were observed using 16S
rRNA sequencing. Additionally, lactonase treatment under 5% CO2

conditions altered biofilm formation, increased the propensity of the
biofilms to ferment sucrose to lactate and altered the ability of the
community to utilize various carbon sources. Our observations from this
study suggest that AI-1/ AHL-based QS is crucially important in
determining the pathogenic profile of the oral microbiome.

Results
AHLs are present in supragingival plaque community cultures
under CO2 atmosphere but not under anaerobic conditions
Oxygen availability critically affects oral biofilm development and the
progression of cariogenic and periodontal diseases84,85. Indeed, oral biofilms
experience rapid and continuous changes in oxygen levels, among other
physio-chemical changes, which impact the microbial composition of the
oral microbiota86–88. The oral cavity is normally highly aerobic due to con-
tinuous delivery of oxygen through air exposure and the circulatory system.
Early (thin) biofilms ( < 100 µm thick) allow rapid oxygen diffusion85, but as
plaque matures and thickens, oxygen diffusion becomes limited, creating
microaerophilic and hypoxic conditions that favor cariogenic facultative
anaerobes such as Streptococcus mutans89,90. Given that AHLs were pre-
viously reported in anaerobic co-cultures of Porphyromonas gingivalis with
Streptococci52 - two bacteria commonly found in dental plaque – we
hypothesized that supragingival plaque communities could produce AHLs
in an oxygen-dependent manner.

We investigated the presence of AHLs in a previously characterized
oral microbial community derived from the pooled supragingival plaque of
five healthy human volunteers82,83 using HPLC-MS analysis. C6-HSL was
detected in the supragingival plaque biofilm community cultured under 5%
CO2 (Fig. S1A, G) but not in anaerobic cultures (Fig. S1B, G). C6-HSL was
present at lower levels in the culture media (Fig. S1C, G), confirming
community production rather than medium contamination. C4-HSL was
detected in cultures grown under 5% CO2 (Fig. S2A, G) and anerobic
conditions (Fig. S2B, G) but was also present in the culturemedia (Fig. S2C,
G), preventing reliable assignment of this compound to community pro-
duction. Neither C6-HSL nor C4-HSL was detected in saliva samples
(Fig. S1D, G; S2D, G, respectively). Despite optimization efforts, our
extraction procedure (see methods) was ineffective for longer-chain AHLs,
suggesting that additionalAHLsbeyondC6-HSLmayhavebeenpresent but
undetectable due to poor extraction yields.

To further validate AHL presence, we used a PluxI-GFP based plasmid
biosensor, which detects AHLs in the 10 nM to 1 μM range, to evaluate the
AHL content of these cultures. The biosensor successfully detected and
quantified pure AHL standards (C6-HSL; Fig. S3), confirming its func-
tionality.ConsistentwithHPLC-MS results, the biosensor detectedAHLs in
supragingival plaque communities grown under 5% CO2, with signals
equivalent to approximately 100 nM of C6-HSL (Fig. 1). No AHLs were
detected in anaerobic cultures (Fig. S4), confirming the oxygen-dependent
nature of AHL production in these communities.

To further validate these results, we treated samples with lactonases
SsoPox and GcL. Both lactonases significantly decreased biosensor signals:
SsoPox reduced signals by 86% (~13.7 nM of C6-HSL equivalent) and GcL
by49%(~50.8 nMofC6-HSLequivalent) (Fig. 1). These reductions confirm
that detected signals represent genuine AHL activity rather than biosensor
artifacts.

It should be noted that the C6-HSL equivalent concentration values
serve as indicative estimates only. Since the biosensor can detect C6-C12
HSLs91 and may recognize multiple AHLs produced by the community
beyond C6-HSL, these values may not reflect precise concentrations. The
absence of AHLs under anaerobic conditions aligns with previous obser-
vations in other anaerobic biofilms92,93, likely indicating that AHL produc-
tion ceases under these conditions, although alternative explanations, such
as extracellular AHL lactonases or acylases secretion cannot be excluded.

CO2 atmosphere conditions affect the population structure of
supragingival plaque community
Although supragingival plaque microbial population structure has been
previously well documented94–96, the effects of varying oxygen conditions on
the community remain unclear. This question is particularly relevant
because oxygen levels vary dramatically within dental plaque and decrease
sharply with increasing thickness97. To address this gap, we analyzed the
microbial population structures of a supragingival-origin plaque
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communities using V4 amplicon sequencing under either 5% CO2 or
anaerobic conditions.

The 5% CO2 and anaerobic communities exhibited distinct beta
diversity patterns, as demonstrated by clear clustering separation in PCoA
using Bray-Curtis distances (Fig. 2A). Statistical analysis confirmed sig-
nificantly greater differences betweenoxygen treatment groups compared to
within-group variations (ANOSIM: R = 1, p = 0.003 for biofilm samples;
R = 1, p = 0.006 for planktonic samples), indicating that oxygen availability
is a major driver of community structure.

To identify the taxa responsible for discriminating between oxygen
conditions, we applied Linear Discriminant Analysis Effect Size (LEfSe)
analysis98 to biofilm samples (Fig. 2B).This analysis revealed that fournested
taxa characterized the 5% CO2 community, while nine nested taxa dis-
tinguished the anaerobic community. Under 5% CO2 conditions, the dis-
criminating taxa are mainly Gram-positive bacteria, includingAbiotrophia,
Schaalia (formerly known as Actinomyces), a member of Lactobacillales
order, and Streptococcus. In contrast, the anaerobic community was mainly
characterized by Gram-negative bacteria, including Fusobacterium, Pre-
votella, Porphyromonas, Haemophilus, and Veillonella.

Broader analysis of community composition revealed striking differ-
ences in Gram-positive and Gram-negative bacterial distribution between
oxygen conditions. Under anaerobic conditions, Gram-positive taxa
(including Streptococcus, Peptostreptococcus, Parvimonas and Gemella)
comprised 32% of total read abundance in both anaerobic biofilm and
planktonic plaque communities, whileGram-negative taxa (Fusobacterium,
Prevotella, Porphyromonas,Haemophilus, andVeillonella) represented 42%
(Fig. S5A).

Conversely, under 5% CO2 conditions, Gram-negative taxa (Fuso-
bacterium,Porphyromonas,Prevotella, andVeilonella) represented less than
5% of the communities (Fig. S5B). Planktonic cells from both culture

conditions exhibited similar oxygen-dependent patterns (Fig. S6). Addi-
tional analysis of biological variability (Fig. S7) and taxon-specific abun-
dance patterns across samples (Fig. S8) further support these LEfSe-derived
trends.

Notably, neither the 5% CO2 nor anaerobic microbial populations
containedmany taxa reported to produceAHLs, with P. gingivalisbeing the
primary exception52. Most identified microbes have been reported to pro-
duce alternative signaling molecules such as AI-2 and/or AIPs36,46,47,49,99–101.
This observation suggests that the observed differences in AHL levels
between oxygen conditions may result from oxygen gradient effect102–105 on
AHL production rather than changes in AHL-producing species abun-
dance. This interpretation alignswith aprevious report showing that oxygen
availability can reduce AHL production in species such as Pseudomonas
aeruginosa, thereby affecting signal concentration and effectiveness106.

AHL signal disruption by lactonases increased the abundance of
commensals and early colonizers in supragingival plaque
community
To examine the importance of AHL signaling in microbial population
structure, we used quorum quenching (QQ) to disrupt AHL signaling and
analyzed community changes through 16S rRNA gene sequencing. We
employed two lactonases with different substrate specificities: GcL (broad
spectrum AHL degrading enzyme69) and SsoPox (preferentially degrades
long-chain AHLs68).

Biofilm and planktonic communities under 5%CO2 showedmarkedly
different microbial compositions regardless of lactonase treatment, as
demonstrated by distinct clustering patterns in PCoA analysis (Fig. S7A).
Certain core taxa were consistently observed across all samples and treat-
ments, including Streptococcus, member of the order Lactobacillales, and
Actinomyces – all of which are Gram-positive commensals and early colo-
nizers of oral biofilms107,108. Notably,Abiotrophiawas exclusively detected in
the planktonic communities and was absent from biofilm communities
across all treatments (Fig. 3A and S8A).

Lactonase treatments produced subtle but measurable alterations in
the composition of the planktonic microbial communities under 5% CO2

conditions. Key taxa showed varying abundance levels between treatments:
Streptococcus increased from51.5%(control 5A8) to53.7%(GcL) and63.3%
(SsoPox). Other taxa also showed changes in abundance levels, such as
Lactobacillales (23.0% in the control 5A8, 24.0% in GcL and 21.8% in
SsoPox); Actinomyces (7.2% in the control 5A8, 9.7% in GcL and 6.5% in
SsoPox); Abiotrophia (11.5% in the control 5A8, 8.5% in GcL and 9.3% in
SsoPox).(Fig. 3A and S8A). Individual lactonase treatments of planktonic
communities did not produce statistically robust differences compared to
control (GcL vs. 5A8: AMOVA: p = 0.371; ANOSIM: R = 0.255; p = 0.007*;
SsoPox vs. 5A8: AMOVA: p = 0.143; ANOSIM: R = 0.191, p = 0.081).
However, when analyzed collectively, lactonase-induced population chan-
ges were statistically significant (AMOVA: p = 0.047*; ANOSIM: R = 0.305;
p = 0.003*; Tables S1 and S2). Alpha diversity analysis revealed that SsoPox
lactonase treatment significantly reduced community diversity compared to
control (t-test: p = 0.013) and GcL lactonase (t-test: p = 0.031) (Table S3,
Fig. 3B, C).

AHL signal disruption had substantially more significant effects on
biofilm microbial population compared to planktonic communities under
5%CO2. Both lactonase treatments significantly altered biofilm community
composition compared to control (AMOVA: p = 0.002*, ANOSIM: R = 1,
p = 0.002* (GcL); AMOVA: p = 0.002*, ANOSIM: R = 0.733, p = 0.002*
(SsoPox); Table S1 and S2).

At the genus level, treatment with GcL significantly increased the
average relative abundance of Lactobacillales (from ~17.0% to ~21.6%) and
Actinomyces (from~11.2% to ~12.1%) compared to control (Wilcox test,
p < 0.01). SsoPox treatment also produced significant community changes,
increasing Lactobacillales (~18.9%) and Streptococcus (~54.7%) while
decreasing Actinomyces (~9.6%) relative to control (Wilcox test, p < 0.01;
Fig. S9A). Collectively, both lactonase treatments increased the total relative
abundance of commensal and early colonizer Gram-positive taxa

Fig. 1 | AHLs are detected in the spent supernatants of a supragingival plaque
community cultured in vitro under 5% CO2 atmosphere. Cell-free culture
supernatants of 6 biological replicates of plaque community cultures treated with
lactonases 5A8 (inactive lactonase mutant), SsoPox, or GcL were incubated with E.
coli AHL biosensor strain JM109 pJBA132. The resulting GFP fluorescence is
indicated as relative fluorescence units (RFU) per unitOD600nm of biosensor cultures
on the left Y-axis. The equivalent C6-HSL concentration for the correspondingRFU/
OD600 values as shown on the right Y-axis was extrapolated from the standard curve
of the biosensor response against C6-HSL in Fig. S3 and is only represented as an
indication, since the used biosensor is broad spectrum and the reading may be a
reflection of many different produced AHLs. Results represent the mean and
standard deviation of 6 biological replicate cultures for each lactonase treatment. As
each of the cell-free supernatants of 6 biological replicate cultures of the plaque
community for all lactonase treatments was further incubated with 6 biological
replicates of biosensor cultures, each data point on this graph represents themean of
the 6 biosensor replicates. Statistical significance of all treatments compared to the
control (5A8) was calculated using unpaired two-tailed t-tests with Welch’s cor-
rection and significance values are indicated as - ***p < 0.0005, **p < 0.005
and *p < 0.05.
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(Lactobacillales, Actinomyces, and Streptococcus) by approximately 6%,
from ~77.2% in control to ~83% in treated samples. Alpha diversity
(Shannon index) was significantly reduced by both lactonase treatments
compared to control (GcL: t-test p = 0.013; Ssopox: t-test p = 0.00083; Table
S3, Fig. 3B, C).

Community composition (beta diversity) showed distinct clustering
patterns between treatments in PCoA analysis based on Bray-Curtis distance
for both biofilm and planktonic communities. In biofilm communities, GcL
and SsoPox treatments formed separate clusters, both distinct from the
control and from each other. In planktonic communities, GcL-treated

Fig. 2 | Microbial composition of a supragingival plaque community cultured in
vitro under 5% CO2 and anaerobic culture conditions. A Principal-coordinate
analysis (PCoA) of Bray-Curtis distances of both biofilm and planktonic plaque
communities. B Linear discriminant analysis effect size (LEfSe) of biofilm dental

plaque communities. The bar graph of LDA scores shows the taxa (OTU: Opera-
tional Taxonomic Unit) with a statistical difference (Wilcoxon test: p < 0.004)
between 5% CO2 and anaerobic communities (Only taxa meeting a LDA significant
threshold > 4 are shown).
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Fig. 3 | Lactonases altered the biofilm and planktonic mirobiota of a supra-
gingival plaque community cultured in vitro under 5% CO2 atmosphere con-
ditions. A Average relative abundance of the bacteria taxa at the genus level.
“Others” represent taxa comprising less than 5% of the total relative abundance per
sample. B Alpha diversity (Shannon index) of the biofilm community colored by
treatment (gray: SsoPox 5A8 (control); blue: SsoPox; pink: GcL). C Principal-
coordinate analysis (PCoA) of Bray-Curtis distances of the plaque biofilm

community. D Alpha diversity (Shannon index) of the planktonic community
colored by treatment (gray: SsoPox 5A8 (control); blue: SsoPox; pink: GcL). Dif-
ferences in the alpha diversity metrics by treatments were tested for by using a
student’s t-test, and significance values are indicated as ***p < 0.0005, **p < 0.005
and *p < 0.05, ns p > 0.05. E Principal-coordinate analysis (PCoA) of Bray-Curtis
distances of the planktonic dental plaque community.
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samples clustered near control, while SsoPox-treated samples formed a dis-
tant, separate cluster (Fig. 3D, E). These differences are statistically significant
for both community types (biofilm: AMOVA: p < 0.001*, ANOSIM:
R = 0.83, p < 0.001*; planktonic: AMOVA: p = 0.018, ANOSIM: R = 0.51,
p = 0.01*; Table S1 and S2). The stronger effect on biofilm communities
(ANOSIMR= 0.83) compared to planktonic (ANOSIMR= 0.51) highlights
the particular importance of AHL signaling in sessile communities.

Comparing the two lactonase treatments revealed substrate preference
specific effects. In biofilm communities, GcL treatment produced higher
relative abundances of Actinomyces (12.1% vs. 9.6%) and Lactobacillales
(21.6% vs. 18.9%) compared to SsoPox treatment, while SsoPox treatment
resulted in higher Streptococcus abundance (54.7% vs. 49.6%) (Fig. S9A).
Interestingly, these differences were not observed in planktonic commu-
nities (Fig. S9B), despite significant beta diversity differences between
treatments (AMOVA: p = 0.018*; ANOSIM: R = 0.515, p = 0.01*, Table
S1 andS2). Thedifferential effects ofGcL andSsoPox treatmentsmay reflect
their distinct AHL degradation preference68,69.

The observation that both lactonases mostly affected Gram-positive
bacteria (Lactobacillales,Actinomyces, and Streptococcus) –which generally
donot useAHL-mediatedQS– suggests indirect effects.While someGram-
positive bacteria canproduce4 and respond toAHLs109, our analysis revealed
no notable changes in other minor taxa that could account for major shifts
observed. Minor taxa comprised only approximately 4.1% of the GcL-
treated community and 8% of the SsoPox-treated community. AHL dis-
ruption could alter the abundance and/or metabolism of AHL-sensing
bacteria, which subsequently influences other community members.
Alternatively, these enzymescould, in addition to their highAHL-degrading
activity, affect theGram-positive bacteria present in the communitydirectly,
through yet unidentified mechanisms.

Exogenous AHLs increased the abundance of late colonizers in
anaerobic cultures of supragingival plaque community
Since no endogenous AHLs were detected under anaerobic conditions, we
investigated whether exogenous AHL addition could influence community
composition in these oxygen-limited environments. We treated anaerobic
supragingival plaque communities with two different AHLs – C6-HSL and
C12-HSL- and analyzed their effects on both planktonic and biofilm
populations (Fig. 4A and S7B).

Similar toourobservationsunder 5%CO2conditions, bothbiofilmand
planktonic communitiesmaintained distinctmicrobial compositions under
anaerobic conditions regardless of AHL treatment (Fig. S7B). AHL treat-
ments did not significantly alter alpha diversity in either biofilm or plank-
tonic anaerobic samples (Fig. 4B, C), suggesting that overall community
complexity remained stable despite compositional changes.

Beta diversity analysis revealed that AHL addition significantly altered
the biofilm community structure (AMOVA: p < 0.001*; ANOSIM:
R = 0.54, p < 0.001*) but did not significantly affect the planktonic popu-
lations (AMOVA: p = 0.126; ANOSIM: p = 0.071) (Fig. 4D, E; Tables
S4 and S5). This pattern mirrors the greater responsiveness of biofilm
communities observed in the lactonase experiments, reinforcing the
importance of AHL signaling in sessile communities.

A notable finding was the complete absence ofHaemophilus in AHL-
treated samples,while this commensalGram-negativebacteriumcomprised
~5.3% of control biofilms (Fig. 4A and S8B).Haemophilus is known for its
potential positive immunomodulatory effects110,111, making its elimination
under AHL treatment potentially significant for oral health.

The twoAHLmolecules produced distinct effects on anaerobic biofilm
composition. C12-HSL treatment decreased the relative abundance of
Fusobacterium (from ~16.5% in control to ~16.0%) while increasing Por-
phyromonas abundance (from ~7.0% to ~7.7%) (Wilcox test: p = 0.0043)
(Fig. S9C). C6-HSL treatment resulted in significant increase in both Por-
phyromonas (from~7.0% in control to~7.6%) andVeillonella (from8.5% in
control to ~8.8%) (Wilcox test: p = 0.015, Fig. S9C). These changes, while
numerically modest, represent statistically significant shifts in key bacterial
populations associated with periodontal pathogenesis.

In contrast to the statistically significant changes observed on biofilms,
planktonic communities showedminimal response to AHL treatment. The
only significant change observed was an increase in Streptococcus abun-
dance followingC12-HSL treatment (~9.1%) compared toC6-HSL (~8.7%)
and control treatment (~8.6%) (Wilcox test: p = 0.026, Fig. S9D). No other
significant taxonomic differences were detected between control and AHL-
treated anaerobic planktonic cultures.

The observed changes suggest that anaerobic supragingival plaque
communities remain responsive to AHL signals despite not producing
detectable levels of these molecules. The increase in Porphyromonas and
Veillonella, both late colonizers associated with periodontal disease, suggest
that AHL signaling may promote the establishment of pathogenic com-
munities in oxygen-limited environments. The differential effects of C6-
HSL and C12-HSL indicate that the specific chemical structure of AHL
molecules determines their biological impact on communities, with each
promoting distinct taxonomic shifts. The preferential effects on biofilm
versus planktonic communities further emphasize the importance of AHL
signaling in sessile oral biofilmdevelopment.Thisfinding suggests thatAHL
signals produced in more aerobic regions of dental plaque may diffuse to
anaerobic zones and influence community assembly, potentially con-
tributing to the transition from healthy commensal communities to
pathogenic late colonizer-dominated biofilms characteristic of periodontal
disease. Both AHLs112, and oxygen113 diffuse from the periphery of a biofilm
to its center. However, diffusing oxygen is rapidly consumed by the aerobic
bacteria at the periphery leading to anoxic conditions in the center of the
biofilm113.

Lactonase-induced changes on in vitro biofilms of supragingival
plaque community alter its phenotypic and functional traits
To assess the physiological relevance of lactonase-induced community
composition changes, we investigated their effects on key functional char-
acteristics of supragingival biofilms grown under 5% CO2 conditions.

Lactonase treatments differentially affected the biofilm-forming
capacity of supragingival plaque communities (Fig. 5A). SsoPox treat-
ment significantly reduced biofilm biomass by ~57.3% compared to control
(~0.93mg vs. ~2.18mg; t-test: p = 0.0008). In contrast, GcL treatment
showed a non-significant trend toward increased biomass (~2.78mg vs
~2.18mg, representing a ~27.5% increase; t-test: p = 0.08).

We also evaluated the ability of lactonase-pretreated biofilms to fer-
ment D-sucrose to L-lactate under anaerobic conditions (Fig. 5B and S10).
This fermentation assay specifically tested whether community changes
affected cariogenic potential, as lactate production from sucrose is a key
mechanism in tooth decay. Both lactonase treatments significantly
enhanced lactate production compared to controls. SsoPox-pretreated
biofilms produced 1.27mM lactate (a 33.6% increase over the 0.95mM
control; t-test: p = 0.01), while GcL-pretreated biofilms showed an even
more pronounced effect, producing 1.84mM lactate (a 92.5% increase; t-
test: p = 0.0002). These results indicate that lactonase-induced changes
enhanced the fermentative capacity of the community.

To comprehensively assess functional changes, wemeasured the ability
of lactonase-pretreated biofilms to utilize various carbon sources using
Biolog EcoPlates (Fig. 6). This analysis revealed lactonase-specific altera-
tions in metabolic capacity.

Lactonase treatments significantly altered the utilization of three
specific substrates - Tween-20, Tween 80 and N-acetyl-D-Glucosamine
(NAG) – while leaving other tested carbon sources unaffected. The two
lactonases produced opposite effects on Tween utilization: SsoPox treat-
ment reduced the community’s ability to grow on Tween-20 by 6.3%
(Fig. 6A; t-test: p = 0.0018) and Tween-80 by 17% (Fig. 6B; t-test: p = 0.02),
compared to control. Conversely, GcL treatment enhanced growth on
Tween-20 by 10% (Fig. 6C; t-test: p = 0.039) and on Tween-80 by 15.9%
(Fig. 6D; t-test: p = 0.0004), compared to control. A striking difference
emerged in NAG metabolism. SsoPox-pretreated biofilms successfully
metabolized NAG within 24 hours and continued this activity through
48 hours (Fig. 6E, F), while control biofilms showed no detectable NAG
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Fig. 4 | AHLs altered the biofilm and planktonic microbiota of a supragingival
plaque community cultured in vitro under anaerobic conditions. A Average
relative abundance of the bacteria taxa at the genus level. “Others” represent taxa
comprising less than 5%of the total relative abundance per sample.BAlpha diversity
(Shannon index) colored by treatment (purple: DMSO (control); orange: C6-HSL,
green: C12-HSL). Differences in the alpha diversity metrics by treatments were
tested for by using a Student’s t-test, and significance values are indicated as -
***p < 0.0005, **p < 0.005 and *p < 0.05, ns p > 0.05. C Principal-coordinate

analysis (PCoA) of Bray-Curtis distances of the biofilm dental plaque communities.
D Alpha diversity (Shannon index) of the planktonic community colored by
treatment (purple: DMSO (control); orange: C6-HSL; green: C12-HSL). Differences
in the alpha diversitymetrics by treatments were tested for by using a Student’s t-test,
and significance values are indicated as -***p < 0.0005,**p < 0.005 and *p < 0.05, ns
p > 0.05. E Principal-coordinate analysis (PCoA) of Bray-Curtis distances of the
planktonic dental plaque community.
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utilization. This enhanced NAG metabolism capacity was not observed
with GcL treatment.

These findings show that lactonase-induced changes in supra-
gingival plaque community composition produce substantial altera-
tions in the biofilm’s functional phenotypic characteristics. The
differential effects between SsoPox and GcL treatments align with their
distinct impacts on community structure (Fig. 3 and S9), supporting
the hypothesis that their different AHL preference may drive specific
community reorganization patterns. The magnitude of functional
changes, particularly the near-doubling of lactate production with GcL
treatment and the acquisition of NAG metabolism with SsoPox,
illustrates how relatively modest shifts in community composition can
dramatically alter collective metabolic capabilities. This relationship
between community structure and function has important implica-
tions for understanding howQS disruptionmight influence oral health
outcomes, as these metabolic changes could affect both cariogenic
potential and biofilm establishment dynamics.

Discussion
The oral microbiome comprises 11 core genera consistently found across
samples, with several present at low abundance levels (<2%)102. Supra-
gingival dental plaque has a well-characterized microbial population
structure94–96,103,107,108, beginningwithpioneer and early colonizers (primarily
Streptococci, Lactobacillales and Actinomyces) whose abundance is an
indicator of a healthy oral microbiota. Subsequent colonizers include
Capnocytophaga, Eikenella, Veillonella, Fusobacterium, Prevotella, Campy-
lobacter, Porphyromonas gingivalis, Tannerella forsythia and Treponema
denticola - someofwhich arewell documentedperiodontal pathogens.Most
of these taxa are not known to produce AHLs (with the exception of P.

gingivalis52) but have been reported to produce alternative signaling mole-
cules such as AI-2 and/or AIPs36,46,47,49,109–111.

The roles ofAHL signaling in oral communities have remained elusive,
with the presence of AHLs itself being contested52. Previous studies using
Escherichia coli, Chromobacteriumviolaceum andVibrio harveyi biosensors
failed to detect AHLs in anaerobic axenic cultures of key Gram-negative
pathogens36,46. Our study demonstrates AHLs detection in supragingival-
origin plaque community cultured under 5% CO2 conditions using both
HPLC-MS and a biosensor system, while these signals remain undetectable
under anaerobic conditions. This finding aligns with observations in
environmental biofilms where AHL concentration gradient coincide with
oxygen gradients92. Anaerobic conditions may down-regulate QS systems
and AHL production, as documented in Pseudomonas aeruginosa93. This
relationship between oxygen levels and AHL production is particularly
relevant for understanding oral biofilms, where oxygen concentrations vary
during growth and within sessile communities84,85,89,90,104,105. Consequently,
AHLs functions may differ based on spatial location within the plaque.

The significance of AHL signaling in oral communities is further
demonstrated by the differential effects of exogenous AHLs and lactonase-
mediated quorum-quenching (QQ) under varying oxygen conditions.
Under 5% CO2, where AHLs are detectable, signal disruption via QQ lac-
tonases significantly altered microbial composition and diversity of supra-
gingival plaque biofilm communities. Interestingly, despite undetectable
AHL levels under anaerobic conditions, these communities remained
responsive to exogenous AHLs, suggesting operational signal reception
systems.Thisfinding is consistentwithprevious research showing thatAHL
supplementation can increase the abundanceof periodontal pathogens such
as Fusobacterium and Porphyromonas50. In our study, both C6-HSL and
C12-HSL increased the relative abundance of Porphyromonas, providing

Fig. 5 | Lactonases affect the formation of biofilms
by supragingival plaque community in vitro
under 5% CO2 atmosphere and their subsequent
ability to ferment sucrose to lactate. Biofilms of
supragingival plaque community grown in 5% CO2

atmosphere in the presence of indicated lactonases
[5A8 (inactive lactonase), SsoPox, and GcL; 200 μg/
mL] were either A heat dried in a SpeedVac or
B resuspended in peptone-buffered water and
incubated with 0.2% sucrose under anaerobic con-
ditions for 4 h for lactate production. The biofilm
cells were subsequently removed by centrifugation,
and lactate was quantified in the cell-free super-
natants using Amplite® Colorimetric L-Lactate
Assay Kit according to manufacturer’s instructions.
A The total mass of the dried biofilm per lactonase
treatment is shown. Each bar represents the mean
and standard deviation of dry weights of 6 biological
replicates of plaque biofilms, shown as individual
data points. B The amounts of lactate produced per
unit OD600nm of supragingival plaque biofilms
grown with indicated lactonases (absolute amounts
shown in Fig. S10) are normalized to the control
(5A8) and represented as % of control. Each bar
represents the mean and standard deviation of 6
biological replicates of plaque biofilm incubated
with sucrose. As each biological replicate was further
assayed twice for lactate measurement, each data
point represents the mean of two technical repli-
cates. The annotated number at the inside-bottom of
each bar represents the mean value. Statistical sig-
nificance of all treatments compared to the control
(5A8) was calculated using unpaired two-tailed t-
tests withWelch’s correction and significance values
are indicated as - ***p < 0.0005, **p < 0.005
and *p < 0.05.
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strong evidence that AHL signaling plays a critical role in plaque commu-
nity maintenance under both anaerobic and more aerobic conditions.

Our work reveals that AHL signaling specifically affects critical
microbes for plaque establishment and oral health. Lactonase treatments
increased the abundance of commensals and early colonizers (e.g., Lacto-
bacillales, Streptococcus, Actinomyces), without significantly affecting

known AHLs producers or detectors. This aligns with prior research
showing lactonases can influence Gram-positive bacteria114–116, suggesting
broader effects beyond AHL-mediated QS disruption, direct or indirect. It
also echoes earlier reports in which lactonases were reported to reduce
cariogenic and periodontal biofilms and the abundance of periodontal
pathogens under anaerobic conditions52,61,103,117. These findings suggest that

Fig. 6 | Lactonase treatment alters the
utilization of carbon sources by supragingival
plaque community biofilms (pre-grown
in vitro under 5% CO2 atmosphere with lacto-
nases) on Biolog EcoPlates™. Biofilms of supra-
gingival plaque community grown in 5% CO2

atmosphere in the presence of indicated lactonases
[5A8 (inactive lactonase), SsoPox and GcL;
200 μg/mL] were washed, resuspended in
peptone-buffered water at an OD600nm of 0.2, and
incubated in Biolog EcoPlates under 5% CO2

atmosphere at 37°C for 24–48 h. The time course
absorbance was recorded (OD590 and OD750) and
the Area-Under-the-Curve (AbsAUC) or endpoint
values (OD590-750) determined, representing
metabolic utilization of carbon sources, as
explained in the Methods section. The mean
AbsAUC values of 3 replicates were normalized to
the control (5A8) and represented as % carbon
source utilization compared to control (5A8).
Differences were observed for utilization of
Tween-20 [A 5A8 vs Sso; C 5A8 vs GcL] and
Tween-80 [B 5A8 vs Sso; D 5A8 vs GcL] by the
plaque biofilms. SsoPox W263I (Sso) treated pla-
que biofilms (2 replicates) metabolized N-acetyl-
D-Glucosamine (NAG) while 5A8 treated plaque
biofilms (3 replicates) did not, as represented by
mean and standard deviation of endpoint (OD570-

750) reads at 24 h (E) and 48 h (F). One biofilm
replicate (out of 3) grown with SsoPox that failed
to metabolize NAG was deemed an outlier and
excluded from analysis. The annotated number at
the inside-bottom of each bar represents the mean
value. Statistical significance of all treatments
compared to the control (5A8) was calculated
using unpaired two-tailed t-tests and significance
values are indicated as - ***p < 0.0005,
**p < 0.005 and *p < 0.05.
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AHL disruption favors growth of bacterial taxa associated with healthy oral
microbiota. Importantly, we found that community population structure
changes depended on the lactonase used. Because we used two lactonases
with distinct AHL substrate preference, it suggests that community struc-
ture could be manipulated with different AHL signals quenchers.

Diverse AHL signals have been detected in oral biofilms52,61,117, and our
exogenous addition experiments highlight their importance. In anaerobic
cultures, bothC6-HSL andC12-HSL increasedPorphyromonas abundance.
C6-HSL increased Veillonella abundance, while C12-HSL decreased Fuso-
bacterium levels. In addition, AHL treatments eliminated Haemophilus, a
commensal Gram-negative bacterium with potential immunomodulatory
benefits110,111, which was present in control samples. While individual
abundance appeared modest, their cumulative effect significantly altered
community, potentially reflecting collective changes in minor taxa. Overall,
AHL presence favored late-colonizing periodontal pathogens in dental
plaque communities, with community changes depending on the chemical
structure of the added AHLs.

Our findings suggest an intriguing possibility: although anaerobic
communities do not produce detectable levels of AHLs, they remain
responsive to these signals. This implies that periodontal pathogenic com-
munity emergence may depend on specific QS signaling molecules pro-
duced in more aerobic spatial locations of dental plaque, potentially
diffusing to influence anaerobic colonizers. While our use of 16S V4 region
sequencing captured broad community-level changes, it limited taxonomic
resolution. Future metagenomic approaches may better identify AHL
producers and reveal more subtle diversity patterns between treatments.

QQ lactonases also modulated the physiological characteristics of the
aerobic supragingival plaque community, significantly reducing biofilm
formation. This reduction could stem from increased Streptococci abun-
dance relative to Actinomyces, altering the complex molecular interactions
governing the co-aggregation and dental attachment of Streptococci and
Actinomyces in plaque biofilm formation118,119. Lactonase treatment also
altered the community’s ability to metabolize N-acetyl-D-Glucosamine
(NAG). Some oral Streptococci species, like Streptococcus mutans, can
metabolize NAG120 to ammonia and increase acid tolerance. It is likely that
SsoPox treatment increased the abundance ofNAG-metabolizing species of
Streptococci in the plaque biofilms.

Additionally, lactonase-treated plaque biofilms exhibited enhanced
fermentation capability, correlating with increased abundance of Lactoba-
cilli - oral acidogenic bacteria capable of fermenting sucrose to lactate121,122.
Sucrose availability in oral biofilms typically increases Firmicutes (including
Lactobacilli) abundance123,124. While some Streptococci125 and
Actinomyces126 ferment sucrose to lactate, others are alkali-producers, and
disruption of this balance in oral biofilms can lead to cariogenic
diseases123,125. Although increased lactate production candamage oral health
through acid-mediated decay and is strongly regulated in oral biofilms127, it
is noteworthy that lactonase-induced fermentation remained within ranges
typical of periodontal biofilms (0.2 – 2mM lactate produced in a 3 h fer-
mentation run)50, substantially below levels produced by cariogenic biofilms
(4.2 – 9.4mM)50.

Taken together, our observations indicate that lactonase-mediated
changes inpopulation structure significantly alter the functional phenotypes
and biological activities of supragingival-original plaque community bio-
films. These results underscore the importance of AHL-signaling in oral
biofilm development and maintenance. Further studies are needed to elu-
cidate the mechanisms by which AHL-based QS and lactonases finely
modulate community structure and function.

Methods
Reagents
Chemicals, including antibiotics were of reagent grade or superior andwere
sourced from Millipore Sigma (Burlington, MA) or Fisher Scientific
(Hampton, NH). N-butyryl-L-homoserine lactone (C4-HSL; item code
#10007898),N-hexanoyl-L-homoserine lactone (C6-HSL; #10007896), and
N-dodecanoyl-L-homoserine lactone (C12-HSL; #10011203) were

purchased from Cayman Chemical Company (Ann Arbor, MI) and dis-
solved in 100% DMSO just before use. Biolog EcoPlates™ (#1506) were
purchased from Biolog Inc. (Hayworth, CA). Amplite™ Colorimetric
L-Lactate Assay Kit (#13815) was procured from AAT Bioquest, Inc
(Pleasanton, CA). Peptone Buffered Water (PBW) used in some experi-
ments had the following composition – Bacto-Peptone 10 g/L, NaCl 5 g/L,
KH2PO4 1.5 g/L, Na2HPO4 3.5 g/L, pH 7.0.

Lactonase production and purification
The E. coli strain BL21 Star™ (DE3) was used to produce the following
lactonases – (i) An inactive SsoPox mutant 5A8 (hereafter referred to as
5A8)128, (ii) SsoPox W263I mutant (hereafter referred to as SsoPox)68, and
(iii)wild-typeGcLwith anN-terminal Strep-Tag II™ (hereafter referred to as
GcL)69. Purificationwas performed as previously described69,81. All lactonase
preparations used in this study were made in buffer (PTE) composed of
50mMHEPES pH 8.0, 150mMNaCl, 0.2mMCoCl2, sterilized by passing
through a 0.2 μm filter, and stored at 4°C until use. The inactive lactonase
5A8 is used as a control in all experiments that use active lactonases SsoPox
andGcL, toaccount for potential utilizationof these enzymes as nutrients by
the microbial community on which they are being tested. Since 5A8 is
inactive and only differs from SsoPox by a few mutations, any observed
changes in the microbial community and its phenotypic functions between
this 5A8 control and treatments can be attributed solely to the AHL
degradation activity of the active lactonases.

In vitro culturing of anoralmicrobial community derived fromhuman
supragingival plaque. We used a previously described representative
supragingival plaque community (dental plaque)82,83 obtained from
healthy human volunteers, as a model system to assess production of
AHLs and their role in community composition. For the experiments
described here, frozen 10% glycerol stock of dental plaque community
was used to inoculate a modified saliva-supplemented SHI medium, that
is composed of 25% SHI medium129 and 75% of sterile human saliva, and
incubated overnight (~18 h) at 37°C under 5% CO2 (we sometimes
referred to 5%CO2 as “aerobic” for simplicity) or anaerobically (10%H2,
10% CO2 and 80% N2). Overnight cultures were then diluted into fresh
modified SHI medium at a final OD600nm = 0.1 and incubated at 37 °C in
saliva-coated 6-well polystyrene culture plates (Corning, NY) for 18 h, as
previously described83. Cultures grown under 5% CO2 atmosphere con-
tained 200 μg/mL lactonases - 5A8 (inactive lactonase; control), SsoPox
or GcL. Anaerobic cultures contained DMSO (0.1%; control), 10 μMC6-
HSL or 10 μM C12-HSL. All treatments had 6 biological replicates.

Collection and sterilization of saliva was done as previously
described130. Briefly, whole saliva was collected by expectoration into tubes
on ice followed by centrifugation for 10minutes at 4 °C at 4000 x g
(Beckman SX4750 rotor) to remove large debris and bacterial aggregates.
The supernatants were then decanted, and the planktonic bacteria were
pelleted by centrifugation at 15,000 x g for 20minutes at 4 °C. These
supernatants were next collected and sterilized by passing through a 0.2 μ
filter. Sterilized collections were pooled from at least three healthy volun-
teers. All protocols were reviewed and approved by the Institutional Review
Boards from the University of Minnesota (STUDY00016289). Sterile saliva
wasmixedwith SHImedium at 75:25 proportions of saliva to SHImedium.

Detection of AHLs using biosensors
The biosensor plasmid pJBA13291 contains a gfp(ASV) reporter gene under
the transcriptional regulation of an AHL-responsive luxI promoter.
pJBA132 was transformed into E. coli strain JM109 (Promega; Madison,
WI). This biosensor can detect and quantify C6 - C12 AHLs in the range of
10 nM–1 µM91. A titration was performed with pure C6-HSL, the AHL
molecule detected in culture samples using HPLC-MS (Fig. S3). JM109
harboring pJBA132 was routinely cultured in Miller’s Luria-Bertani (LB)
broth (BD Difco, 244610) or LB-agar plates (BD Difco, #244510), supple-
mented with 10 μg/mL tetracycline. An overnight culture of the biosensor
strain derived from a single colony was diluted 1:100 into fresh LB broth
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supplemented with 10 μg/mL tetracycline and grown in a shaker incubator
at 37 °C and 225 rpm. At 2 hours, cultures reach an early exponential phase
of growth. Cell-free culture supernatants of the supragingival-origin oral
plaque communityweremixedwithbiosensor cultures at a ratioof either 1:4
or 1:5 and dispensed at a total volume of 200 μL per well (6 replicates) in
specialized 96-well microplates designed for measuring fluorescence and
optical density simultaneously (Grenier Bio-OneTM#655906, non-binding
opaque black 96-well microplate with μClear™ Film Bottom). For the blank
control, sterile, uninoculatedmodified SHImediawasmixedwith biosensor
cultures at a similar dilution. The microplates were covered with a lid and
incubated in a microplate shaker incubator (Titramax 1000 fromHeidolph
instruments) at 37 °C and 300 rpm for 3 hours. GFP fluorescence (Excita-
tion: 485 nm. Emission: 528 nm;Gain 75) andOD600nmweremeasured in a
BioTek Synergy HTX microplate spectrophotometer. The data were
represented as the ratio of arbitrary relative fluorescence units (RFUs) to the
OD600nm of the biosensor culture [RFU/OD600nm]. The “blank” was
regarded as themean RFU/OD600nm of 6 replicates of “media-only” control
and subtracted from the RFU/OD600mn of all other results. After the sub-
traction of blank values, the RFU/OD600nm was adjusted for dilution. To
estimate the AHL concentrations detected by the biosensor, we used a
standard curve determined with C6-HSL (Fig. S3). For the biosensor
standard curve, varying concentrations (1 nM–1mM in 1 log10 fold incre-
ments) of C6-HSL freshly prepared in DMSO (2 µL) was diluted 1:100 to
excite the exponentially growing biosensor strain culture (198 µL).Datawas
recorded as above and represented as the mean and error of RFU/OD600nm

of 6 replicates to generate the standard curve.

Liquid phase AHL extraction for LC-MS
We used a modified liquid phase extraction (LPE) protocol for AHLs
adapted fromParga et al. 202361. Human saliva, culturemedia (75% human
saliva and 25% SHI media), and cell-free culture supernatants of the
supragingival-origin plaque community grown under 5%CO2 or anaerobic
conditions were subjected to organic LPE. Briefly, 0.5mL of the saliva or
culture supernatant was acidified by addition of 50 µL 12.1 N hydrochloric
acid, to promote stability of AHLs, and incubated at room temperature for
15min followedbycentrifugation (17,000x g/10min) to removedebris.The
supernatant was extracted twice with two equal volumes of ethyl acetate
followed by two equal volumes of dichloromethane. For each extraction, the
mixture was vortexed vigorously for 2min followed by centrifugation at
14,000 x g /1min to separate the aqueous phase from organic phase. For
ethyl acetate and dichloromethane extractions, the upper and lower organic
phases were collected, respectively, and pooled into a single tube. The
organic extracts were subjected to gentle drying at room temperature under
a streamofnitrogengas.This LPEprotocolwas validatedwith cell-free spent
media of Pseudomonas aeruginosa PA14 (cultured in LB media at 37 °C,
250 rpm for 24 h) and standard AHLs, and was found to be effective at
extracting short chain AHLs (C4-C6). However, despite our optimization
efforts, the protocol is unable to efficiently extract long-chainAHLs, such as
3-oxoC12HSL that is producedbyPA14 (datanot shown). Therefore, long-
chain AHLs were not detected in any samples extracted with this method.

High-Performance Liquid Chromatography Mass Spectrometry
(HPLC-MS)
The analysis was performed by the University of Minnesota Center for
Metabolomics and Proteomics. The dried extracts were reconstituted in
25 μL 50:50:0.1, LC-MS grade water: acetonitrile (ACN): formic acid (FA),
vortexed for 5min, and thencentrifuged at 4 °C for 10min.Each samplewas
transferred to an autosampler vial, and 1 μL was injected. Prepared samples
were analyzed via chromatographic separation in-line with mass spectro-
metry. High-performance liquid chromatography (HPLC) was performed
using theThermoScientificUltimate 3000RSUHPLCplatformfittedwith a
Phenomenex Gemini NX 2 × 150mm, 5 μm, C18 column heated at 40 °C
with a flow rate of 0.3ml/min. Buffer A was water, 0.1% formic acid and
buffer B was 100% acetonitrile, 0.1% formic acid. The samples were sepa-
rated with the following gradient: 1% B 0–1min., 100%B at 15min, and

100% B maintained to 18min before equilibration to 1% B. For all
separations, the column was in-line with a HESI source mounted to a Q
Exactive™ Quadrupole-Orbitrap mass spectrometer (Thermo Scientific).
The spray voltage was 3.4 kV in positive polarity mode, sheath gas flowwas
50, auxiliary gasflowwas 8, Slens RFwas 50 V, probe heaterwas 400 °C, and
the heated capillary was maintained at 320 °C. The orbitrap was set to
acquire MS1 mass spectra from 70–750m/z with a resolution of 70,000 at
200m/z, an automatic gain control (AGC) of 1.0E6, and a max injection
time of 50ms. ForMS2 tandemmass spectra a targeted inclusion list ofm/z
values was imported with fragmentation by higher-energy collisional dis-
sociation, normalized collision energy of 30, a detector setting of 17.5 k
resolution, AGC 2e5 ions, isolation window of 1.0 m/z, and a 200ms
maximum injection time was used. The samples were compared to an in-
house fragmentation and retention time library of the N-acyl homoserine
lactone molecules of interest (C4-C16 HSLs and their 3-oxo derivatives).

DNA extraction and 16S sequencing
Total microbial DNA from biofilms and planktonic cells of dental plaque
cultures was extracted using DNeasy PowerSoil kit (Qiagen; Germantown,
MD). After the recommended quality control procedures, the DNA was
submitted for sequencing of theV4 hypervariable region of 16S rRNAgenes
at the University of Minnesota’s Genomics Center (UMGC) to capture the
broad community changes between treatments. Additionally, the V4 region
offers a good balance between read length and taxonomic resolution as well
as providing consistent amplificationacross a broad rangeof bacteria taxa131.

Bacterial community processing
16S rRNA amplicon sequences were processed with Mothur v.1.41.1132.
Forward and reverse reads were merged into contigs and filtered with
defined criteria as previously described133. Briefly, any removed sequences
were based upon ambiguous bases longer than 300 bp andhomopolymers≥
8nucloetides. The processed sequenceswere then aligned against the SILVA
database v.132.4, subject to a 2% pre-cluster134. UCHIME was used to
remove chimera within sequences135. Operational taxonomic units (OTUs)
were classified at 97% sequence similarity using the average-neighbor
algorithmandagainst theRibosomalDatabaseProject v.18136. The collapsed
taxon table was converted to relative abundance using the phyloseq package
in RStudio. Alpha diversity metrics (Good’s coverage, Sob, Shannon, Chao,
ACE, and Simpson) were calculated using the normalized OTU table, and
Bray-Curtis similaritiesmatriceswereused for beta diversity comparisons in
Mothur v.1.41.1132.

Biofilm Weight Measurement
An overnight culture (37 °C, 5% CO2) of supragingival-origin plaque
community inmodified SHImedia was inoculated into freshmodified SHI
media at a working OD600nm of 0.15. The inoculated media was split into
three 50mLFalcon™ centrifuge tubes (Corning) and lactonases 5A8, SsoPox
or GcL (200 μg/mL final) were added to a final volume of 25mL. The
inoculated media and lactonase mix were then dispensed into the wells of
three sterile UV-treated 6-well Clear Flat Bottom TC-treated Cell Culture
Plates (Corning) – 4mL per well, for a total of 6 replicates, per lactonase
treatment. These plates were incubated at 37 °C in 5% CO2 atmosphere for
22 h.Thebiofilmsproduced after 22 hwere susceptible tophysical shear and
dislodgement and were handled with extreme caution (the reason why we
did not opt for more traditional methods of biofilm quantitation such as
crystal violet staining). Themedia supernatant with the planktonic cells was
aspirated carefully. The biofilms were washed gently twice with 2mL
Peptone Buffered Water (PBW) to remove any adherent planktonic cells.
The biofilms were then vigorously dislodged from the wells using 1mL
PBW and collected in a 15mL Falcon™ centrifuge tubes (Corning). This
process was repeated 4 times to ensure dislodgement and collection of all
remaining biofilm. The harvested biofilm was centrifuged at 6000 x g for
10min.Thebiofilmpelletswere resuspended into 1mLPBW, transferred to
1.7mL Eppendorf microcentrifuge tubes, washed three times with fresh
1mL PBW to remove residual culture media (centrifuged at 6000 x g for
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5min in between washes), and finally resuspended evenly into 1mL PBW.
200 μL of the biofilm suspensions were saved separately for later sucrose
fermentation assays. The remaining biofilm suspensionswere centrifuged at
6000 x g for 10min, and thepelletswere dried at 45 °C for 30minutesusing a
SpeedVac (Eppendorf Vacufuge® Plus). The dry weights of the biofilms
were subsequently determined using an analytical balance (Sartorius
Practum®) for biomass quantitation.

Sucrose fermentation, lactate production and
quantification assays
150 μL of the saved biofilm suspensions from the previous section were
diluted with 300 μL fresh PBWwith sucrose added to a final concentration
of 0.2% w/v. These mixtures were incubated in an anaerobic chamber at
37 °C for 4 h followed by centrifugation (16,000 × g /10min) to pellet the
biofilm. 200 μL of the cell-free supernatants were carefully transferred to
fresh 1.7 mL microcentrifuge tubes and were used for quantitation of
L-lactate using the Amplite™ Colorimetric L-Lactate Assay Kit (AAT Bio-
quest), following the manufacturer’s instructions. Assays were set up in
duplicates for each supernatant and in triplicates for the lactate standards
(0–1mM) in 96-well flat-bottom microplates (Sarstedt; # 82.1581.001).
Absorbance data (OD575nm/OD605nm) were collected kinetically using a
BioTek Synergy HTX microplate spectrophotometer at 1min intervals for
30min at room temperature to determine possible absorbance saturation.
The 30min endpoint absorbance (OD575nm/OD605nm) was used for stan-
dard curvedeterminationandall subsequentquantitationofL-lactate, asper
the manufacturer’s protocol. The remaining biofilm suspensions from the
previous section were diluted to 10% using fresh PBW and used for deter-
mining OD600nm values using a BioTek Synergy HTX microplate spectro-
photometer. Thefinal lactate quantitationwasmultipliedby3 to account for
the dilution of biofilm into PBW (150 μL biofilm suspension + 300 μL
PBW) and then normalized to per unit OD600nm value of the biofilm
suspension.

Phenotypic Assays with Biolog EcoPlates™
EcoPlates™ from Biolog (https://www.biolog.com/products/community-
analysis-microplates/ecoplate/) were used to establish community-level
physiological profiling of microbial communities. Each 96-well EcoPlate
contains 31 carbon-source assays in triplicate and can be used to observe the
metabolization of carbon sources by bacteria. Each well is supplemented
with a proprietary tetrazolium redox dye that is reduced to purple-colored
formazan products (λabs 590 nm) due to NADH production (a sensitive
indicator of respiration) bymetabolically active cells137,138. This colorimetric
reaction was monitored and recorded by a spectrophotometer at specific
time intervals to generate a kinetic response curve mirroring microbial
metabolization of the carbon sources that can be further quantitated into
parameters such as lag, slope, and area under the curve139. Supragingival-
origin plaque biofilms were cultured with lactonases, washed and harvested
similarly as described in the previous “Biofilm Weight Measurement” sec-
tion.Thebiofilm suspensionswerediluted to afinalOD600nmof 0.2 in12mL
PBW, and 100 μL was dispensed into each of the 96 wells of the EcoPlates.
Separate EcoPlates were used for biofilms grown with different lactonases.
The EcoPlates were sealed under 5% CO2 atmosphere at 37 °C (after 2 h of
gas-exchange) with gas-impermeable membranes (Applied Biosystems,
#4360954) and then incubated in aBioTek SynergyHTXorBioTekEpoch 2
microplate spectrophotometer at 37 °C for 24 h. OD590nm (absorbance of
formazan, as discussed earlier) and OD750nm (for cell turbidity) were
measured for each well every 10min. The difference in absorbance
[OD590nm – OD750nm] values plotted against the time of incubation corre-
sponds to the carbon-source metabolization. The area-under-the-curve
(AbsAUC) of the “difference in absorbance” plot against incubation time,
calculated with the BioTek Gen5 (v3.14) software corresponds to the total
carbon metabolization over 24 h. The EcoPlates were then transferred to a
37 °C incubator for another 24 h, to enable measurement of 48-h endpoint
readof (OD590nm–OD750nm) values.Aswehaveonly 2BioTekPlate readers
at our disposal, each experiment was limited to 2 EcoPlates (and by

extension, 2 lactonase treatments). Therefore, 5A8 vs SsoPox and 5A8 vs
GcL experiments were done on two subsequent days. For N-acetyl-D-
Glucosamine, metabolic activity was only observed in biofilms grown with
SsoPox and therefore, endpoint reads of (OD590nm –OD750nm) at 24 h and
48 h were used for quantitative comparison. For the rest of the carbon
sources metabolized by the plaque biofilm, metabolic activity was observed
in all treatments, and AbsAUC over 24 h was used for quantitative
comparisons.

Graphing and statistical analysis
Beta diversity comparisons, principal-coordinate and Lefse analyses were
performed using Mothur v1.41.1132. Differences in beta diversity between
samples were analyzed using analysis of similarity (ANOSIM)140 and ana-
lysis of molecular variances (ANOVA)141. LEfSe employs the non-
parametric factorial Kruskal-Wallis sum-rank test for classes and the pair-
wiseWilcoxon-test for comparing subclasses across different classes, taking
biological variability into its consideration during its analysis process98.
Student’s t-test142 was performed in R to calculate the differences in alpha
diversitymetrics, andWilcoxon test142 was used for the differences inOTU-
level abundances between samples. Ggplot2 package in R was used to
visualize the taxa abundances and diversities in bacterial communities
between the samples143. The statistical analyses incorporate biological var-
iation with detailed quantitative data on the relative abundance for each
taxon across all experimental replicates. Krona pie chart tool in Galaxy
(https://github.com/marbl/Krona/wiki) was also used for visualization of
Mothur results. The results from the biosensor experiments were processed,
analyzed, and graphed using Microsoft Excel and GraphPad Prism 8.
Unpaired two-tailed t-testswithorwithoutWelch’s correctionwereused for
determining statistical significance and calculated using GraphPad Prism.
The HPLC-MS data was visualized, processed and graphed with Skyline
v24.1 (https://skyline.ms/project/home/software/Skyline/begin.view).

Language editing
Large Language Model Claude Sonnet 4.0 (Anthropic, USA) was used to
improve the clarity of some portions of the manuscript.

Data availability
Raw 16S sequencing reads were deposited to the Sequence Read Archive
(SRA) under the accession number PRJNA1083492 under the following
link: https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1083492. All the raw
experimental data and analysis for this study are available at: https://osf.io/
927gt/?view_only=31415fd9d658466ab7f54b2beeebb232.

Code availability
The code used to process and analyze the data in this study is available
at: https://github.com/maibeauclaire/dental_plaque_microbiome and
archived at Zenodo under https://doi.org/10.5281/zenodo.15758214. The
code is shared under the MIT license.
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