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Abstract: This study investigated the mechanism by which N-acyl-homoserine lactone
(AHL) signaling molecules influence ammonia-oxidizing microorganisms (AOMs) under
inhibitory conditions. In laboratory-scale sequential batch reactors (SBRs), the effects of
different AHLs (C6-HSL and C8-HSL) on the metabolic activity, microbial community
structure, and quorum sensing (QS) system response of AOMs were examined. Caffeic acid,
1-octyne, and allylthiourea were used as ammoxidation inhibitors. The results indicated
that under inhibitory conditions, AHLs effectively reduced the loss of ammonia oxidation
activity and enhanced the resistance of AOMs to unfavorable environments. Additionally,
AHLs enriched AOMs in the microbial community, wherein C6-HSL significantly increased
the abundance of amoA genes in AOMs. Furthermore, AHLs maintained the activity
of QS-related genes and preserved the communication ability between microorganisms.
Correlation analysis revealed a positive relationship between AOMs and QS functional
bacteria, suggesting that AHLs can effectively regulate the ammonia oxidation process.
Overall, exogenous AHLs can improve the metabolic activity and competitive survival of
AOMs under inhibitory conditions.

Keywords: quorum sensing; activated sludge; ammonia-oxidizing archaea; ammonia-
oxidizing bacteria; comammox; ammonia removal; ammonia oxidation inhibitors;
community composition

1. Introduction
Nitrogen pollution in water has become a major global environmental issue, severely

affecting water quality, ecosystem stability, and human health [1,2]. Both conventional
nitrifying-denitrification processes and unconventional nitrogen removal processes (such
as SHARON, CANON, etc.) are inseparable from the conversion of NH4

+. As a critical
step in the nitrogen cycle, ammonia oxidation is essential for maintaining the nitrogen
balance in Earth’s ecosystems, supporting the growth and reproduction of organisms,
and ensuring stable ecosystem function [3–5]. In wastewater treatment, activated sludge
consists of a complex microbial community that includes various microorganisms in-
volved in ammonia oxidation [6]. Among these, ammonia-oxidizing microorganisms
(AOMs)—including ammonia-oxidizing archaea (AOA), ammonia-oxidizing bacteria
(AOB), and complete nitrifying bacteria (Comammox)—are the primary drivers of bi-
ological nitrogen removal. The community structure, abundance, and activity of these
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microorganisms are influenced by environmental factors such as the temperature and
nutrient load, which, in turn, significantly affect the efficiency of biological nitrogen
removal systems [7,8]. However, understanding how these microorganisms respond
to environmental changes and how to regulate their activity and abundance remains a
significant challenge.

AOMs have been extensively investigated through pharmacological inhibition ap-
proaches, establishing chemical suppression as a critical methodology for elucidating
microbial nitrogen transformation mechanisms [9–13]. Given that inhibitor application
induces functional impairment in sludge consortia, developing targeted reactivation strate-
gies under inhibited conditions becomes imperative for microbial community restoration.
The current pharmacological toolkit for ammonia oxidation studies comprises several
well-characterized compounds: acetylene (C2H2), 1-octyne, streptomycin, dicyandiamide
(DCD), 3,4-dimethylpyrazole phosphate (DMPP), allylthiourea (ATU), and caffeic acid
derivatives [14–16]. Mechanistic investigations have quantified inhibitor efficacy through
dose–response analyses. Ginestet et al. [17] established that ATU concentrations ≤100 µM
achieve complete suppression of ammonia-oxidizing bacteria (AOB) activity. Complemen-
tary research by Laura et al. [14] demonstrated equivalent inhibitory potency between
100 µM caffeic acid and 100 µM PTIO in completely arresting archaeal ammonia oxidation
(AOA) processes. Differential inhibition strategies have been successfully implemented, as
evidenced by Taylor et al. [18] employing 0.03% v/v 1-octyne to functionally distinguish
AOA and AOB contributions in complex microbial systems. Recent molecular investiga-
tions by Guo et al. [19] revealed that DMPP exposure significantly downregulates ammo-
nia monooxygenase gene expression (amoA), providing genomic evidence for its mode
of action.

In recent years, quorum sensing (QS), a microbial communication mechanism medi-
ated by signaling molecules, has garnered significant attention in microbial ecology [20,21].
Acyl-homoserine lactones (AHLs) are the most extensively studied QS molecules in Gram-
negative bacteria and play crucial roles in regulating microbial behaviors such as biofilm
formation, pathogenicity, and nutrient cycling [22,23]. The critical role of AHL-mediated
QS mechanisms in wastewater treatment bioprocesses has been extensively documented
through empirical investigations [24]. Notably, Tang et al. [25] detected the secretion of
three distinct AHL variants in anammox consortia, with C6-HSL and C8-HSL demon-
strating significant enhancement of anammox bacterial activity, while C12-HSL exerted a
pronounced stimulatory effect on heterotrophic bacterial proliferation within the microbial
consortium. Subsequent analytical characterization confirmed the persistent presence of
both C6-HSL and C8-HSL in mature anammox biofilm matrices. Microbial community
analyses have identified phylogenetically diverse biofilm-associated species harboring
AHL synthase genes, including but not limited to Pseudomonas, Stenotrophomona, and
Nitrosomonas. Comparative genomic studies reveal that approximately 3% of isolated
bacterial strains possess functional quorum quenching (QQ) genetic determinants [26].
In complementary research, Feng et al. [27] successfully isolated and characterized four
AHL homologs (C4-HSL, C6-HSL, C8-HSL, and 3-oxo-C8-HSL) from both activated sludge
systems and hybrid biofilm reactors, confirming the ubiquity of QS signaling molecules
across different wastewater treatment configurations. At present, most of the existing
studies focus on the relationship between quorum sensing and biofilm formation and the
dynamic analysis of endogenous signal molecules during nitrogen removal. The research of
AHLs, which plays a key role in the regulation of ammonia oxidation, is still in its infancy.

Most AOMs exhibit QS effects in both pure and mixed cultures, and their associ-
ation with QS has been confirmed through gene sequencing and other techniques [28].
Li et al. [29] found that adding exogenous AHLs could promote the secretion of extracellular
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polymeric substances, enhance the adhesion of nitrifying sludge, induce the release of en-
dogenous AHLs, and improve microbial resilience under harsh environmental conditions.
Clippeleir et al. [30] discovered that exogenous AHL application could boost anaerobic am-
monia oxidation rates (AORs) at lower biomass levels. Wang et al. [31] conducted a critical
analysis of the fundamental mechanisms and ecological implications of QS in microbial
nitrogen transformation cascades, presenting a comprehensive interdisciplinary synthesis
of QS-mediated regulatory architectures governing both nitrification and denitrification
pathways. Complementary research by Li et al. [29] establishes empirical evidence for
the substantive influence of AHLs in facilitating sludge granulation dynamics and associ-
ated metabolic functions. Notwithstanding these advances in QS research across diverse
microbial consortia, current scientific understanding reveals a paucity of investigations
systematically examining the stimulatory effects of AHLs on ammonia oxidation kinetics.
Particularly, the molecular governance mechanisms of QS systems during ammonia ox-
idation processes and their interactions with AOMs remain insufficiently characterized,
representing critical knowledge gaps in microbial nitrogen cycle regulation.

This study introduced various inhibitory substances to create stress conditions for the
target AOMs and evaluated the impact of adding two AHLs—N-hexanoyl-L-homoserine
lactone (C6-HSL) and N-octanoyl-L-homoserine lactone (C8-HSL)—on different AOMs.
In addition, microbial community structure and changes in AHL concentrations were
analyzed to elucidate the role of AHL-mediated quorum sensing (QS) systems in the
ammonia oxidation process. The findings of this study clarified the impact of AHLs on
ammonia removal by AOMs and proposed strategies for enhancing ammonia oxidation
activity under stress conditions. This study challenges the long-held notion of absolute
inhibitor dominance over AOMs and demonstrates that AHL-mediated quorum sensing
confers resistance in AOMs against the conventionally perceived suppression of ammonia
oxidation by inhibitory agents.

2. Materials and Methods
2.1. Reactor Operation and Experimental Design

Activated sludge was obtained from the return sludge of the secondary biological
treatment system at a sewage treatment plant in Qingdao (China). A specific amount
of activated sludge was placed into 600 mL sequential batch reactors (SBRs), and the
concentration of mixed-liquor suspended solids (MLSSs) was maintained at 3000 mg/L.
Three different inhibitors were added to separate SBRs to selectively inhibit the activity
of AOA, AOB, and Comammox. Previous studies have indicated that 100 µM caffeic acid
can inhibit AOA metabolism [14], AOB is sensitive to 1-octyne, and 0.03% v/v 1-octyne
effectively inhibits AOB [18], while ATU selectively inhibits the AOB community [17]. To
evaluate the impact of AHLs on AOMs, two AHLs (50 µM C6-HSL and 50 µM C8-HSL)
were used [32]. The AHL concentrations were established based on precedents in the
literature, with deliberately chosen values at the lower spectrum of reported ranges to
maintain their functional efficacy in mediating the reaction while minimizing potential
confounding effects [33–36]. The acyl-homoserine lactone AHLs and inhibitors (caffeic acid,
1-octyne, and ATU) were purchased from Sigma-Aldrich.

Table 1 lists the different SBR setups, including the AHLs and inhibitors added and
their respective dosages. Three parallel reactors were set up for each experimental objective,
totaling 24 SBRs. All reactors treated synthetic domestic wastewater, with its composition
and trace elements detailed in Tables S1 and S2. The NH4

+-N concentration in the synthetic
domestic wastewater was maintained at approximately 56 mg/L. The dissolved oxygen
(DO) levels in the reactors were kept at 6–8 mg/L, with a constant temperature of 24 ◦C.
Each SBR operated continuously for 10 reaction cycles.
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Table 1. AHLs and inhibitors added to SBRs.

Inhibitor and Dose Blank Control Caffeic Acid,
100 µm

1-Octyne,
0.03% v/v

ATU,
100 µm

C6-HSL, 50 µM
(GROUP 1) C6 C6-CA C6-OCT C6-ATU

C8-HSL, 50 µM
(GROUP 2) C8 C8-CA C8-OCT C8-ATU

The concentrations of nitrogen compounds (NH4
+-N, NO2

−-N, and NO3
−-N) and

MLSS were measured according to standard protocols (APHA, 2005). The pH and DO
levels were monitored using a pH/DO meter (Multi 3420; WTW GmbH, Shenzhen, China).
The AOR was calculated based on NH4

+-N removal efficiency per unit MLSS per unit time,
expressed as “mg NH4

+-N·h−1·g−1 MLSS”. After completing 10 cycles, sludge samples
were collected from each reactor for microbial community structure analysis.

2.2. Illumina MiSeq Sequencing and Sequence Processing

Sludge samples were processed and analyzed to determine bacterial and archaeal
microbial diversity using the Illumina MiSeq platform. Bacterial diversity was assessed
through polymerase chain reaction (PCR) amplification of reverse-transcribed cDNA using
the universal primers 338F and 806R, targeting the V3–V4 hypervariable region of the 16S
rRNA gene. This analysis was conducted at Shanghai Majorbio Bio-pharm Technology Co.,
Ltd. (Shanghai, China).

Archaeal diversity was evaluated using PCR amplification of reverse-transcribed
cDNA with the universal primers Arch349F and Arch915R, targeting the V4 hypervariable
region of the 16S rRNA gene. This analysis was performed at Beijing Allwegene Tech. Co.,
Ltd. (Beijing, China).

2.3. qPCR Assay of amoA Genes

The amoA genes of AOMs were analyzed using real-time quantitative PCR (qPCR)
on the ABI QuantStudio™ 1 System (Thermo Fisher, Waltham, MA, USA). The following
specific primers were used for qPCR:

- AOA amoA genes: archaea-amoA F/R (Francis et al., 2005);
- AOB amoA genes: amoA-1F/1R (Rotthauwe et al., 1997);
- Comammox amoA genes: com amoA AF/SR (Shao and Wu, 2021).

Each PCR reaction mixture (20 µL) contained 10 µL of SYBR Green Master Mix, 0.4 µL
of Rox II, 0.3 µL of each forward and reverse primer, 2 µL of template DNA, and 7 µL of
ddH2O. A dilution series of plasmids containing the target gene insert (Sangon, Shanghai,
China) was used as the standard.

3. Results and Discussion
3.1. Effects of AHLs on Ammonia Oxidization

The NH4
+-N concentrations in the influent and effluent of each reaction cycle were

measured to evaluate the ammonia oxidation activity during the SBR cultivation process.
The AOR for each reactor was calculated based on these measurements, as illustrated
in Figure 1a.
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In Group 1, the AOR of the C6 reactor remained relatively stable throughout the
operation, with an average AOR of 1.13 mg NH4

+-N·h−1·g−1 MLSS over 10 cycles. In
the C6-CA reactor, where caffeic acid was introduced to inhibit AOA activity, the AOR
decreased slightly during the first cycle but maintained a similar ammonia nitrogen removal
efficiency to C6 from cycles 2 to 6 (Figure 1b). However, from cycles 7 to 9, the AOR
continuously decreased, showing a 6.88% reduction in the ninth cycle compared to C6. By
the 10th cycle, the AOR returned to normal levels.
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Under the influence of 1-octyne, the C6-OCT reactor exhibited a 33.05% inhibition
effect on AOR during the first cycle. This inhibition gradually diminished over subsequent
cycles, decreasing to 22.97% by the third cycle. As the experiment progressed, the AOR
in C6-OCT continued to decline, with the strongest inhibition observed in the ninth cycle,
where the AOR was reduced by 40.50% compared to C6. The average AOR for C6-OCT
throughout the experiment was 0.80 mg NH4

+-N·h−1·g−1 MLSS. In the C6-ATU reactor,
due to the inhibitory effect of ATU, the AOR remained consistently low, with an average
value of 0.41 mg NH4

+-N·h−1·g−1 MLSS, showing no significant fluctuations.
In Group 2, the AOR in the C8 reactor exhibited slight fluctuations and a decreasing

trend (Figure 1a), dropping from an initial value of 1.15 mg NH4
+-N·h−1·g−1 MLSS to

1.12 mg NH4
+-N·h−1·g−1 MLSS over the course of the experiment. Compared to C8,

the AOR in C8-CA showed a gradual increase. During the first four cycles, the AOR
of C8-CA remained consistently lower than that of C8; however, from the fifth cycle
onward, it began to rise. The most significant increase occurred in the eighth cycle, with an
8.55% improvement relative to C8. After the eighth cycle, the AOR of C8-CA began to
decline, returning to 1.12 mg NH4

+-N·h−1·g−1 MLSS by the final cycle.
The AOR trend in C8-OCT was similar to that of C6-OCT in Group 1, with some

fluctuations before the fourth cycle. From the fourth through eighth cycles, the inhibition
effect stabilized between 24.19 and 26.66%. However, during the ninth cycle, the inhibition
effect increased, leading to an overall inhibition range of 23.23 to 36.94% throughout the
experiment. The average AOR for C8-OCT over 10 cycles was 0.80 mg NH4

+-N·h−1·g−1

MLSS. The addition of ATU also inhibited ammonia oxidation in C8-ATU, with the inhi-
bition effect remaining relatively stable between 66.55 and 67.54% by the final cycle. The
NO2

−-N and NO3
−-N concentrations as illustrated in Figure S1.

In the full-cycle monitoring of the first and last cycles (Figure 1c), changes were
observed in the NH4

+-N degradation pattern. During the initial full cycle of NH4
+-N

degradation across the eight reactors across in both groups, all reactors initially exhibited
a higher AOR, which decreased after approximately 30 min. In contrast, during the final
cycle of NH4

+-N degradation, the NH4
+-N concentration declined steadily, and all reactors

maintained a stable AOR throughout the entire cycle.
In this study, the addition of C6-HSL and C8-HSL did not significantly affect the

AOR in the control reactors. Gao et al. [37] reported that short-chain AHLs (C6-HSL and
3-oxo-C6-HSL) had no significant effect on ammonia oxidation after 4 and 14 days of
treatment. Similarly, Hu et al. [38] found that a 50 nM mixture of AHLs (C6-HSL, C8-HSL,
3-oxo-C12-HSL, and C14-HSL) did not positively impact ammonia oxidation. However,
other studies have shown that C6-HSL and C8-HSL can accelerate NH4

+-N removal to
some extent [29,39].

Given the complexity of microbial communities in wastewater treatment, with their
intricate QS systems, it is expected that AHLs will have varying effects on the ammonia
oxidation process across different reactor systems. In the present study, the addition of
inhibitors had diverse effects on NH4

+-N removal in the reactors. The introduction of
exogenous caffeic acid did not lead to a significant decrease in the AOR, whereas the
addition of 1-octyne reduced NH4

+-N degradation by approximately 30%. Notably, in
reactors with continuous ATU addition, C6-ATU and C8-ATU maintained average AOR
values of 0.41 mg NH4

+-N·h−1·g−1 MLSS and 0.38 mg NH4
+-N·h−1·g−1 MLSS, respectively.

Clearly, the suppression of ammonia oxidation by these inhibitors did not reach the levels
reported in previous studies [14,17,18]. These results suggested that the introduction of
exogenous AHLs influenced microbial activities and impacted NH4

+-N removal. Further
analysis of AOM variations in each reactor is warranted to explore how AHLs contribute
to maintaining NH4

+-N removal under unfavorable conditions with inhibitors.
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3.2. Functional Gene Abundance and AOM Diversity

RNA extracted from the activated sludge samples was reverse-transcribed into cDNA
to further determine the composition of active AOMs in the sludge. Subsequently, qPCR
was employed to quantitatively analyze the amoA functional genes of archaea and bacteria.
In Group 1, AOA were the predominant AOMs in three of the reactors, except for C6-ATU.
The abundance of AOA amoA genes in the four reactors was as follows: C6 contained
6.49 × 102 copies/µL cDNA, C6-ATU contained 5.40 × 103 copies/µL cDNA, C6-CA
contained 1.00 × 103 copies/µL cDNA, and C6-OCT contained 6.76 × 102 copies/µL cDNA
(Figure 2a). The abundance of AOA amoA genes in the inhibitor-added reactors was higher
than in C6. In C6-ATU, the abundance of AOB amoA genes reached 5.75 × 105 copies/µL
cDNA, which was 2111.21 times higher than the second-highest abundance observed in
C6-OCT. The abundance of AOB amoA genes in both C6-ATU and C6-OCT was higher
than in C6. Additionally, C6-ATU exhibited a high abundance of Comammox amoA genes,
reaching 2.06 × 102 copies/µL cDNA, which was 47.60 times higher than in C6.
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In Group 2, where C8-HSL was applied as an exogenous AHL, AOA amoA genes
predominated. The average abundance of AOA amoA genes in all reactors exceeded
1.48 × 103 copies/µL cDNA, with C8 showing the highest AOA amoA abundance at
2.93 × 103 copies/µL cDNA. In C8-CA, the transcriptional activity of AOA was significantly
suppressed, resulting in an average abundance that was only 57.66% of that in C8. However,
the abundance of Comammox amoA genes rose by 4.54% compared to C8. In C8-OCT, the
abundance of AOB amoA genes decreased by 74.83%, while the abundance of Comammox
amoA genes increased 3.6-fold. In C8-ATU, the abundances of AOA amoA genes and
Comammox amoA genes decreased by 49.59 and 30.87%, respectively, while the abundance
of AOB amoA genes increased by 4.67% compared to C8.
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High-throughput sequencing using Illumina MiSeq was performed on both archaea
and bacteria to comprehensively analyze the functional bacterial evolution following AHL
addition. The main AOMs at the species level are shown in Figure 2c. The results revealed
that Nitrososphaera viennensis and Candidatus Nitrososphaera gargensis were the dominant
AOA in this study. Nitrososphaera viennensis exhibited higher abundance in C6-CA and
C6-ATU, whereas Candidatus Nitrososphaera gargensis was specifically enriched in C8.

A total of seven AOB species were detected in the experimental samples, with
Nitrosomonas europaea being the most abundant, comprising over 67.18% in C8-ATU. The
overall abundance of AOB was higher in reactors without added inhibitors (8.37% in C6 and
6.67% in C8), while both caffeic acid and ATU significantly reduced the growth advantage
of AOB.

In Group 1, C6 significantly enriched all detected AOB species, whereas ATU addition
markedly suppressed AOB growth. In C6-OCT, the growth of Nitrosomonas nitrosa was
significantly stimulated, while the growth of other AOB species was inhibited. Similarly, in
C8-OCT, all AOB species except Nitrosomonas aestuarii were significantly inhibited. Only
one Comammox species, Candidatus Nitrospira nitrosa, was detected, and its abundance
showed a slight increase in C8.

Based on the community analysis of AOMs, it can be inferred that C6-HSL and C8-HSL
may selectively influence different target AOMs in activated sludge. In the presence of
inhibitors, C6-HSL more effectively impacted the suppressed target AOMs by enhancing
the expression of amoA activity genes and increasing the abundance of inhibited AOM
species, thereby improving their resistance to unfavorable environmental conditions. In
contrast, exogenous C8-HSL did not target suppressed AOMs but instead strengthened the
biological activity of AOMs unaffected by inhibitors, thereby maintaining the microbial
ammonia removal capacity of the reactor.

Previous studies have attempted to explain the effect of AHLs on NH4
+-N removal.

Li et al. [29] demonstrated that C6-HSL and 3-oxo-C6-HSL can promote ammonia nitrogen
degradation and enhance the competitive advantage of AOB. Gao et al. [37] investigated
the effects of C6-HSL and C8-HSL on microbial community structure and AOR in acti-
vated sludge and found that AHL addition significantly improved the AOR after 16 days,
with a notable increase in AOB amoA gene abundance compared to AOA amoA. Research
also showed that in a denitrification system with nitrification inhibitors (e.g., DCD), a
1 µM mixture of AHLs (C6-HSL and C8-HSL) boosted the abundance of both AOB
and NOB, which suggests that nitrifying bacteria may enhance AHL utilization to over-
come unfavorable growth conditions [40]. The effects observed in this study may be
related to these two mechanisms. However, under optimal growth conditions (21 ◦C,
DO ≥ 3 mg/L), nitrifying bacteria are less dependent on QS, and the addition of AHLs
does not significantly affect ammonia removal or the regulation of functional microbes [38],
which is consistent with the findings in the control reactors utilized in the this study. In
summary, based on previous research and the results of this study, AHLs appear to be
more effective in enhancing the ammonia removal capacity under unfavorable growth
conditions, thereby increasing the dominance of AOMs in microbial communities.

3.3. Impact of AHL Addition on QS/QQ Bacteria and Genes

In the final cycle of this study, four types of AHLs were detected in the sludge samples:
C6-HSL, C8-HSL, C10-HSL, and 3-oxo-C12-HSL (Figure 3a). These AHLs have been widely
confirmed to be present in biological tanks of sewage treatment plants and other water
treatment facilities [41,42]. The results showed that C6-HSL levels remained stable between
1.97 and 2.49 ng/g in both AHL experimental reactors, with no significant difference
between Group 1 and Group 2. Although C8-HSL levels declined, they were overall higher
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in Group 2 than in Group 1. Reactors treated with 1-octyne and ATU in both groups
exhibited elevated C8-HSL levels, with the highest concentration of 1509.93 ng/g observed
in C8-OCT.
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C10-HSL was detected at the lowest level in C8 (14.21 ng/g), whereas higher con-
centrations were observed in reactors treated with 1-octyne inhibitors in both groups,
with C6-OCT and C8-OCT containing 26.11 ng/g and 24.81 ng/g, respectively. Minimal
variation was observed in the concentrations of 3-oxo-C12-HSL, with differences of less
than 0.5 ng/g across reactors. The lowest values in both groups were found in reactors
supplemented with caffeic acid, with concentrations of 2.59 ng/g (C6-CA) and 2.58 ng/g
(C8-CA).

Under continuous AHL addition, only C8-HSL remained present at significant levels
in the system, while C6-HSL levels remained low in the sludge. This may be attributed to
the greater resistance of long-chain AHLs to hydrolysis compared to short-chain AHLs,
making them more stable in the solid phase [43].

A literature review on previously identified AHL-producing bacteria (QS bacte-
ria) and AHL-degrading bacteria (QQ bacteria) were conducted to examine changes in
key genera involved in AHL-mediated QS [44]. A total of four QS bacteria were de-
tected (Figure 3b), namely, Nitrosomonas, Nitrospira, Enterococcus, and Thermomonas, with
Nitrosomonas and Nitrospira being the most abundant. Both genera exhibited similar distribu-
tion patterns across the groups, with the highest abundance found in the AHL-only control
reactors, followed by the caffeic acid reactors, and the lowest abundance in the 1-octyne and
ATU reactors.

Nitrosomonas was the only AOB genus detected in this study, while Nitrospira belongs
to the Comammox group. The presence of ammonia oxidation inhibitors suppressed
the growth of QS bacteria to varying degrees. Previous studies have demonstrated that
Nitrosomonas and Nitrospira can provide homologs of LuxI and LuxR and secrete various
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AHLs [31]. Additionally, the Thermomonas genus produces C8-HSL and stimulates the
secretion of extracellular polymeric substances [45].

Furthermore, 10 bacterial genera exhibiting both QS and QQ activity (QS/QQ bacte-
ria) were detected (Figure 3c). The four most frequently detected QS/QQ bacteria were
Pseudomonas, Acidovorax, Novosphingobium, and Delftia. Notable differences in QS/QQ
bacterial abundances were observed across reactors: Sphingomonas and Acinetobacter were
predominantly detected in Group 1, whereas Stenotrophomonas and Mesorhizobium were
more abundant in Group 2. The Mesorhizobium genome contains both AHL biosynthe-
sis genes (luxI) and AHL degradation genes (hydrolases and acylase genes). Acidovorax
reached its highest abundance in C6-OCT (1.19%), while Delftia abundance increased in
reactors supplemented with caffeic acid, reaching relative abundances of 17.01 and 13.70%
in C6-CA and C8-CA, respectively. Additionally, 13 QQ bacterial genera were detected
(Figure 3d), showing higher diversity than QS bacteria, which was consistent with previous
studies [44,46]. The total abundance of QQ bacteria was higher in Group 2 than in Group 1.
The two most abundant QQ bacteria were Comamonas and Pseudoxanthomonas. Sphingopyxis
was more abundant in ATU-treated reactors, while Cloacibacterium was specifically detected
in reactors containing caffeic acid.

Based on PICRUSt 2 predictions, 35 QS-related functional genes were identified in
this study (Figure 3e). Among these, 14 AHL-related genes were retrieved, including
13 QS-related genes (2 AHL biosynthesis genes and 11 AHL-sensing genes) and 1 QQ-
related gene (an AHL lactonase gene). In both groups, the abundance of most AHL-QS and
AHL-QQ-related genes was higher in the AHL-only control reactors than in those with
inhibitors, suggesting that inhibitors suppressed AHL-QS and AHL-QQ activity to some
extent. However, certain AHL-QS and AHL-QQ genes in the inhibitor-treated reactors
exhibited similar or even higher abundances compared to the AHL-only control reactors.

In Group 1, genes such as bjaI, luxR, and cciR maintained higher abundances across re-
actors, while lasR, sdiA, bjaR1, traR, and sinR were more abundant in Group 2 reactors. This
indicates that the addition of C6-HSL and C8-HSL in the presence of inhibitors preserved
the activity of specific AHL-QS genes, thereby facilitating bacterial communication. This
finding suggests that the two AHL-mediated QS pathways function differently, which may
also explain their distinct target genera.

3.4. Potential Interactions Between AHL-Related Bacteria and the Ammonia Oxidation Process

Figure 4 illustrates the ammonia oxidation process influenced by AHLs, including
performance, functional genes, and functional bacterial species, along with potential in-
teractions with QS/QQ-related functional bacteria. A significant positive correlation was
observed between QS bacteria and the four AOB species, with the strongest correlation
found in Nitrosomonas europaea (p ≤ 0.001). Nitrosomonas europaea was the most abundant
AOB in all reactors in this study. Additionally, there was also a notable positive correlation
between QS bacteria and AOB amoA gene abundance (p ≤ 0.05). Most correlations with
other AOM species were also positive, leading to a significant positive correlation between
QS bacteria and the AOR. This finding suggests that AHL-mediated QS plays a crucial role
in the ammonia oxidation process.

Although AHLs have previously been identified as signaling molecules for in-
traspecies communication, they can also be synthesized and expressed by multiple
species, suggesting that AHLs can participate in interspecies communication. Previous
studies have shown that AHL synthesis and utilization are widespread among AOB. For
example, Nitrosomonas europaea can utilize C8-HSL [41], while Nitrosospira multiformis and
Nitrosospira briensis can synthesize various AHLs, including C8-HSL and C10-HSL [47]. In
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summary, further research is needed to elucidate the mechanisms by which AHL-mediated
QS influences interspecies communication under adverse conditions.
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4. Conclusions
This study found that under inhibitory environmental conditions, the addition of

AHLs can regulate the activity and abundance of AOMs in activated sludge. Furthermore,
50 µM C6-HSL and C8-HSL could restore the ammonia oxidation activity of AOMs affected
by inhibitors, yet the underlying mechanisms differed. C6-HSL played a crucial role in the
ammonia oxidation process and was extensively utilized by suppressed AOMs to adapt
to adverse conditions, while C8-HSL stimulated unsuppressed AOMs in the presence of
inhibitors, thereby enhancing their ammonia oxidation removal capacity. The increased
abundance of QS bacteria and the active expression of AHL-QS-related genes positively
regulated the functional recovery and community structure of AOMs under unfavorable
conditions. AHL-mediated QS has significant potential for restoring AOM performance
and regulating the AOM community structure in stressful environments.

Although exogenous AHLs exhibit promising therapeutic applications for reactivat-
ing suppressed AOMs, the structure–function relationships governing congener-specific
interactions with ammonia monooxygenase (AMO) catalytic centers demand compre-
hensive mechanistic investigation through integrative interdisciplinary methodologies
employing meta-omics profiling and enzymatic characterization. Given their ubiquitous
presence as signaling molecules within wastewater microbiomes, AHLs exert critical reg-
ulatory influence on biogeochemical processes spanning nitrogen cycling (particularly
the coupling between nitrification and denitrification processes) and recalcitrant pollu-
tant biotransformation (e.g., polycyclic aromatic hydrocarbon catabolism). Systematic
investigation of AHL-mediated interkingdom communication systems—particularly their
multifaceted regulatory impacts on interconnected metabolic cascades through spatial-
temporal modulation—constitutes a pivotal research frontier for advancing environmental
biotechnology applications.



Microorganisms 2025, 13, 663 12 of 14

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/microorganisms13030663/s1. Figure S1: Nitrogen changes in incoming and
outgoing water during each cycle of the experiment; Table S1: Composition of synthetic wastewater;
Table S2: Composition of trace elements in synthetic wastewater.

Author Contributions: Conceptualization, C.Q., K.P. and X.B.; validation, C.Q. and K.P.; formal
analysis, C.Q., K.P. and Y.W.; investigation, Y.W., X.Z. and Q.S.; resources, X.B.; data curation, K.P.
and Y.W.; writing—original draft preparation, C.Q. and Y.W.; writing—review and editing, K.P., Q.S.,
X.B. and H.N.; visualization, C.Q. and Y.W.; supervision, X.Z., X.B. and H.N.; project administration,
K.P. and X.B.; funding acquisition, K.P. and X.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Nos.
52200062 and 52370042), the Natural Science Foundation of Shandong Province (No. ZR2020QE237),
and Open Project Fund of Qingdao University of Technology (No. QUTSEME201935).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Luo, Z.; Hu, S.; Chen, D.; Zhu, B. From Production to Consumption: A Coupled Human-Environmental Nitrogen Flow Analysis

in China. Environ. Sci. Technol. 2018, 52, 2025–2035. [CrossRef] [PubMed]
2. Wurtsbaugh, W.A.; Paerl, H.W.; Dodds, W.K. Nutrients, eutrophication and harmful algal blooms along the freshwater to marine

continuum. Wiley Interdiscip. Rev. Water 2019, 6, e1373. [CrossRef]
3. Kuypers, M.M.M.; Marchant, H.K.; Kartal, B. The microbial nitrogen-cycling network. Nat. Rev. Microbiol. 2018, 16, 263–276.

[CrossRef] [PubMed]
4. Winkler, M.K.; Straka, L. New directions in biological nitrogen removal and recovery from wastewater. Curr. Opin. Biotechnol.

2019, 57, 50–55. [CrossRef]
5. Martikainen, P.J. Heterotrophic nitrification–An eternal mystery in the nitrogen cycle. Soil Biol. Biochem. 2022, 168, 108611.

[CrossRef]
6. He, S.; Zhao, Z.; Tian, Z.; Xu, C.; Liu, Y.; He, D.; Zhang, Y.; Zheng, M. Comammox bacteria predominate among ammonia-

oxidizing microorganisms in municipal but not in refinery wastewater treatment plants. J. Environ. Manag. 2022, 316, 115271.
[CrossRef]

7. Lawson, C.E.; Lücker, S. Complete ammonia oxidation: An important control on nitrification in engineered ecosystems? Curr.
Opin. Biotechnol. 2018, 50, 158–165. [CrossRef]

8. Fan, X.Y.; Gao, J.; Pan, K.; Li, D.; Dai, H.; Li, X. Temporal heterogeneity and temperature response of active ammonia-oxidizing
microorganisms in winter in full-scale wastewater treatment plants. Chem. Eng. J. 2019, 360, 1542–1552. [CrossRef]

9. Zhao, J.; Bello, M.O.; Meng, Y.; Prosser, J.I.; Gubry-Rangin, C. Selective inhibition of ammonia oxidising archaea by simvastatin
stimulates growth of ammonia oxidising bacteria. Soil Biol. Biochem. 2020, 141, 107673. [CrossRef]

10. Johnston, J.; Du, Z.; Behrens, S. Ammonia-Oxidizing Bacteria Maintain Abundance but Lower amoA-Gene Expression during Cold
Temperature Nitrification Failure in a Full-Scale Municipal Wastewater Treatment Plant. Microbiol. Spectr. 2023, 11, e02571-22.
[CrossRef]

11. Di, H.J.; Cameron, K.C.; Podolyan, A.; Robinson, A. Effect of soil moisture status and a nitrification inhibitor, dicyandiamide,
on ammonia oxidizer and denitrifier growth and nitrous oxide emissions in a grassland soil. Soil Biol. Biochem. 2014, 73, 59–68.
[CrossRef]

12. Zhao, C.; Li, J.; Li, C.; Xue, B.; Wang, S.; Zhang, X.; Yang, X.; Shen, Z.; Bo, L.; Qiu, Z.; et al. Horizontal transfer of the multidrug
resistance plasmid RP4 inhibits ammonia nitrogen removal dominated by ammonia-oxidizing bacteria. Water Res. 2022, 217,
118434. [CrossRef] [PubMed]

13. Zhou, X.; Fujiwara, T.; Hidaka, T.; Nishimura, F.; Nakanishi, T.; Terada, A.; Hori, T. Evaluation of nitrous oxide emission during
ammonia retention from simulated industrial wastewater by microaerobic activated sludge process. Water Res. 2023, 247, 120780.
[CrossRef]

https://www.mdpi.com/article/10.3390/microorganisms13030663/s1
https://www.mdpi.com/article/10.3390/microorganisms13030663/s1
https://doi.org/10.1021/acs.est.7b03471
https://www.ncbi.nlm.nih.gov/pubmed/29380597
https://doi.org/10.1002/wat2.1373
https://doi.org/10.1038/nrmicro.2018.9
https://www.ncbi.nlm.nih.gov/pubmed/29398704
https://doi.org/10.1016/j.copbio.2018.12.007
https://doi.org/10.1016/j.soilbio.2022.108611
https://doi.org/10.1016/j.jenvman.2022.115271
https://doi.org/10.1016/j.copbio.2018.01.015
https://doi.org/10.1016/j.cej.2018.10.234
https://doi.org/10.1016/j.soilbio.2019.107673
https://doi.org/10.1128/spectrum.02571-22
https://doi.org/10.1016/j.soilbio.2014.02.011
https://doi.org/10.1016/j.watres.2022.118434
https://www.ncbi.nlm.nih.gov/pubmed/35427829
https://doi.org/10.1016/j.watres.2023.120780


Microorganisms 2025, 13, 663 13 of 14

14. Sauder, L.A.; Ross, A.A.; Neufeld, J.D. Nitric oxide scavengers differentially inhibit ammonia oxidation in ammonia-oxidizing
archaea and bacteria. Fems Microbiol. Lett. 2016, 363, fnw052. [CrossRef] [PubMed]

15. Li, Y.; Chapman, S.J.; Nicol, G.W.; Yao, H. Nitrification and nitrifiers in acidic soils. Soil Biol. Biochem. 2018, 116, 290–301.
[CrossRef]

16. Zhou, X.; Wang, S.; Ma, S.; Zheng, X.; Wang, Z.; Lu, C. Effects of commonly used nitrification inhibitors—Dicyandiamide (DCD),
3,4-dimethylpyrazole phosphate (DMPP), and nitrapyrin—On soil nitrogen dynamics and nitrifiers in three typical paddy soils.
Geoderma 2020, 380, 114637. [CrossRef]

17. Ginestet, P.; Audic, J.M.; Urbain, V.V.; Block, J.C. Estimation of Nitrifying Bacterial Activities by Measuring Oxygen Uptake in the
Presence of the Metabolic Inhibitors Allylthiourea and Azide. Appl. Environ. Microbiol. 1998, 64, 2266–2268. [CrossRef]

18. Taylor, A.E.; Vajrala, N.; Giguere, A.T.; Gitelman, A.I.; Bottomley, P.J. Use of Aliphatic n-Alkynes To Discriminate Soil Nitrification
Activities of Ammonia-Oxidizing Thaumarchaea and Bacteria. Appl. Environ. Microbiol. 2013, 79, 6544–6551. [CrossRef]

19. Guo, T.; Bai, S.H.; Omidvar, N.; Wang, Y.; Chen, F.; Zhang, M. Insight into the functional mechanisms of nitrogen-cycling inhibitors
in decreasing yield-scaled ammonia volatilization and nitrous oxide emission: A global meta-analysis. Chemosphere 2023, 338,
139611. [CrossRef]

20. Ma, X.; Liu, D.; Chu, X.; Huang, J.; Shu, Z.; Li, Y.; Jin, Y. Effects of exogenous signaling molecules on anaerobic sludge digestion:
Quorum sensing and antibiotic resistance genes. Bioresour. Technol. 2024, 414, 131624. [CrossRef]

21. Xu, C.; Ni, L.; Du, C.; Shi, J.; Ma, Y.; Li, S.; Li, Y. Decoding Microcystis aeruginosa quorum sensing through AHL-mediated
transcriptomic molecular regulation mechanisms. Sci. Total Environ. 2024, 926, 172101. [CrossRef] [PubMed]

22. Lv, L.; Chen, J.; Liu, X.; Gao, W.; Sun, L.; Wang, P.; Ren, Z.; Zhang, G.; Li, W. Roles and regulation of quorum sensing in anaerobic
granular sludge: Research status, challenges, and perspectives. Bioresour. Technol. 2023, 387, 129644. [CrossRef] [PubMed]

23. Yang, T.; Wang, X.; Chen, H.; Wang, M.; Wang, Y.; Chen, H.; Dai, H. Transcriptome analysis expands underlying mechanisms of
quorum sensing mediating heterotrophic nitrification-aerobic denitrification process at low temperature. Bioresour. Technol. 2024,
414, 131581. [CrossRef] [PubMed]

24. Maddela, N.R.; Sheng, B.; Yuan, S.; Zhou, Z.; Villamar-Torres, R.; Meng, F. Roles of quorum sensing in biological wastewater
treatment: A critical review. Chemosphere 2019, 221, 616–629. [CrossRef]

25. Tang, X.; Liu, S.; Zhang, Z.; Zhuang, G. Identification of the release and effects of AHLs in anammox culture for bacteria
communication. Chem. Eng. J. 2015, 273, 184–191. [CrossRef]

26. Sun, Y.; Guan, Y.; Zeng, D.; He, K.; Wu, G. Metagenomics-based interpretation of AHLs-mediated quorum sensing in Anammox
biofilm reactors for low-strength wastewater treatment. Chem. Eng. J. 2018, 344, 42–52. [CrossRef]

27. Feng, Z.; Sun, Y.; Li, T.; Meng, F.; Wu, G. Operational pattern affects nitritation, microbial community and quorum sensing in
nitrifying wastewater treatment systems. Sci. Total Environ. 2019, 677, 456–465. [CrossRef]

28. Gao, P.; Zhao, A.; Zhang, X.; Tang, P.; Li, D.; Liu, T.; Li, J.; Zhu, Y.; Wang, Z. Potential role of N-acyl homoserine lactone-mediated
quorum sensing in the adaptation of anammox granular sludge system to salinity stress. Bioresour. Technol. 2025, 416, 131758.
[CrossRef]

29. Li, A.J.; Hou, B.L.; Li, M.X. Cell adhesion, ammonia removal and granulation of autotrophic nitrifying sludge facilitated by
N-acyl-homoserine lactones. Bioresour. Technol. 2015, 196, 550–558. [CrossRef]

30. De Clippeleir, H.; Defoirdt, T.; Vanhaecke, L.; Vlaeminck, S.E.; Carballa, M.; Verstraete, W.; Boon, N. Long-chain acylhomoserine
lactones increase the anoxic ammonium oxidation rate in an OLAND biofilm. Appl. Microbiol. Biotechnol. 2011, 90, 1511–1519.
[CrossRef]

31. Wang, N.; Gao, J.; Liu, Y.; Wang, Q.; Zhuang, G. Realizing the role of N-acyl-homoserine lactone-mediated quorum sensing in
nitrification and denitrification: A review. Chemosphere 2021, 274, 129970. [CrossRef] [PubMed]

32. Hu, H.; He, J.; Yu, H.; Liu, J.; Zhang, J. A strategy to speed up formation and strengthen activity of biofilms at low temperature.
RSC Adv. 2017, 37, 22788–22796. [CrossRef]

33. Zhou, Q.; Xie, X.; Feng, F.; Huang, S.; Sun, Y. Impact of acyl-homoserine lactones on the response of nitrogen cycling in sediment
to florfenicol stress. Sci. Total Environ. 2021, 785, 147294. [CrossRef]

34. Wang, J.; Liu, Q.; Dong, D.; Hu, H.; Ren, H. AHLs-mediated quorum sensing threshold and its response towards initial adhesion
of wastewater biofilms. Water Res. 2021, 194, 116925. [CrossRef]

35. Zhang, J.; Zhang, L.; Sun, P.; He, J.; Li, J. Effects of AHLs inhibitors and exogenous AHLs on the stability and activity of Anammox
granules at low temperatures. Water Environ. Res. 2021, 93, 1576–1588. [CrossRef]

36. Li, C.; Li, W.; Li, H.; Hou, M.; Wu, X.; Zhuang, J.; Liu, Y. The effect of quorum sensing on performance of salt-tolerance
aerobic granular sludge: Linking extracellular polymeric substances and microbial community. Biodegradation 2019, 30, 447–456.
[CrossRef]

37. Gao, J.; Duan, Y.; Liu, Y.; Zhuang, X.; Liu, Y.; Bai, Z.; Ma, W.; Zhuang, G. Long- and short-chain AHLs affect AOA and AOB
microbial community composition and ammonia oxidation rate in activated sludge. J. Environ. Sci. 2019, 78, 53–62. [CrossRef]

https://doi.org/10.1093/femsle/fnw052
https://www.ncbi.nlm.nih.gov/pubmed/26946536
https://doi.org/10.1016/j.soilbio.2017.10.023
https://doi.org/10.1016/j.geoderma.2020.114637
https://doi.org/10.1128/AEM.64.6.2266-2268.1998
https://doi.org/10.1128/AEM.01928-13
https://doi.org/10.1016/j.chemosphere.2023.139611
https://doi.org/10.1016/j.biortech.2024.131624
https://doi.org/10.1016/j.scitotenv.2024.172101
https://www.ncbi.nlm.nih.gov/pubmed/38556017
https://doi.org/10.1016/j.biortech.2023.129644
https://www.ncbi.nlm.nih.gov/pubmed/37558106
https://doi.org/10.1016/j.biortech.2024.131581
https://www.ncbi.nlm.nih.gov/pubmed/39384047
https://doi.org/10.1016/j.chemosphere.2019.01.064
https://doi.org/10.1016/j.cej.2015.03.045
https://doi.org/10.1016/j.cej.2018.03.047
https://doi.org/10.1016/j.scitotenv.2019.04.371
https://doi.org/10.1016/j.biortech.2024.131758
https://doi.org/10.1016/j.biortech.2015.08.022
https://doi.org/10.1007/s00253-011-3177-7
https://doi.org/10.1016/j.chemosphere.2021.129970
https://www.ncbi.nlm.nih.gov/pubmed/33979914
https://doi.org/10.1039/C7RA02223A
https://doi.org/10.1016/j.scitotenv.2021.147294
https://doi.org/10.1016/j.watres.2021.116925
https://doi.org/10.1002/wer.1539
https://doi.org/10.1007/s10532-019-09886-7
https://doi.org/10.1016/j.jes.2018.06.022


Microorganisms 2025, 13, 663 14 of 14

38. Hu, H.; He, J.; Liu, J.; Yu, H.; Zhang, J. Biofilm activity and sludge characteristics affected by exogenous N-acyl homoserine
lactones in biofilm reactors. Bioresour. Technol. 2016, 211, 339–347. [CrossRef]

39. Yan, X.; Zheng, S.; Huo, Z.; Shi, B.; Huang, J.; Yang, J.; Ma, J.; Han, Y.; Wang, Y.; Cheng, K. Effects of exogenous N-acyl-homoserine
lactones on nutrient removal, sludge properties and microbial community structures during activated sludge process. Chemosphere
2020, 255, 126945. [CrossRef]

40. Zeng, X.; Hu, H. Potential roles of acyl homoserine lactones (AHLs) in nitrifying bacteria survival under certain adverse
circumstances. Sci. Rep. 2023, 13, 705. [CrossRef]

41. Burton, E.O.; Read, H.W.; Pellitteri, M.C.; Hickey, W.J. Identification of acyl-homoserine lactone signal molecules produced by
Nitrosomonas europaea strain Schmidt. Appl. Environ. Microbiol. 2005, 71, 4906–4909. [CrossRef] [PubMed]

42. Yeon, K.M.; Cheong, W.S.; Oh, H.S.; Lee, W.N.; Hwang, B.K.; Lee, C.H.; Beyenal, H.; Lewandowski, Z. Quorum Sensing: A New
Biofouling Control Paradigm in a Membrane Bioreactor for Advanced Wastewater Treatment. Environ. Sci. Technol. 2009, 43,
380–385. [CrossRef] [PubMed]

43. Decho, A.W.; Norman, R.S.; Visscher, P.T. Quorum sensing in natural environments: Emerging views from microbial mats. Trends
Microbiol. 2010, 18, 73–80. [CrossRef]

44. Tan, C.H.; Koh, K.S.; Xie, C.; Zhang, J.; Kjelleberg, S. Community quorum sensing signalling and quenching: Microbial granular
biofilm assembly. Npj Biofilms Microbiomes 2015, 1, 15006. [CrossRef]

45. Ishizaki, S.; Sugiyama, R.; Okabe, S. Membrane fouling induced by AHL-mediated soluble microbial product (SMP) formation by
fouling-causing bacteria co-cultured with fouling-enhancing bacteria. Sci. Rep. 2017, 7, 8612. [CrossRef]

46. Li, Y.; Cao, J.; Li, B.; Li, W.; Fang, F.; Tong, Z.; Yu, H. Outcompeting Presence of Acyl-Homoserine-Lactone (AHL)- Quenching
Bacteria over AHL-Producing Bacteria in Aerobic Granules. Environ. Sci. Technol. Lett. 2020, 3, 36–40. [CrossRef]

47. Mellbye, B.L.; Spieck, E.; Bottomley, P.J.; Sayavedrasoto, L.A. Acyl-Homoserine Lactone Production in Nitrifying Bacteria of
the Genera Nitrosospira, Nitrobacter, and Nitrospira Identified via a Survey of Putative Quorum-Sensing Genes. Appl. Environ.
Microbiol. 2017, 83, e01540-17. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.biortech.2016.03.068
https://doi.org/10.1016/j.chemosphere.2020.126945
https://doi.org/10.1038/s41598-022-23123-x
https://doi.org/10.1128/AEM.71.8.4906-4909.2005
https://www.ncbi.nlm.nih.gov/pubmed/16085894
https://doi.org/10.1021/es8019275
https://www.ncbi.nlm.nih.gov/pubmed/19238968
https://doi.org/10.1016/j.tim.2009.12.008
https://doi.org/10.1038/npjbiofilms.2015.6
https://doi.org/10.1038/s41598-017-09023-5
https://doi.org/10.1021/acs.estlett.5b00332
https://doi.org/10.1128/AEM.01540-17

	Introduction 
	Materials and Methods 
	Reactor Operation and Experimental Design 
	Illumina MiSeq Sequencing and Sequence Processing 
	qPCR Assay of amoA Genes 

	Results and Discussion 
	Effects of AHLs on Ammonia Oxidization 
	Functional Gene Abundance and AOM Diversity 
	Impact of AHL Addition on QS/QQ Bacteria and Genes 
	Potential Interactions Between AHL-Related Bacteria and the Ammonia Oxidation Process 

	Conclusions 
	References

