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Quorum sensing (QS) signalling has been extensively studied in single species populations.
However, the ecological role of QS in complex, multi-species communities, particularly in the
context of community assembly, has neither been experimentally explored nor theoretically
addressed. Here, we performed a long-term bioreactor ecology study to address the links between
QS, organization and composition of complex microbial communities. The conversion of floccular
biomass to highly structured granules was found to be non-random, but strongly and positively
correlated with N-acyl-homoserine-lactone (AHL)-mediated QS. Specific AHLs were elevated up to
100-fold and were strongly associated with the initiation of granulation. Similarly, the levels of
particular AHLs decreased markedly during the granular disintegration phase. Metadata analysis
indicated that granulation was accompanied by changes in extracellular polymeric substance (EPS)
production and AHL add-back studies also resulted in increased EPS synthesis. In contrast to the
commonly reported nanomolar to micromolar signal concentrations in pure culture laboratory
systems, QS signalling in the granulation ecosystem occurred at picomolar to nanomolar
concentrations of AHLs. Given that low concentrations of AHLs quantified in this study were
sufficient to activate AHL bioreporters in situ in complex granular communities, AHL mediated QS
may be a common feature in many natural and engineered ecosystems, where it coordinates
community behaviour.
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Introduction

Bacteria in natural habitats predominantly exist as
matrix-encased species-rich communities, either as
surface associated biofilms or surface independent
floccular aggregates. This is in contrast to their
planktonic single species population counterparts
commonly studied in laboratory conditions. The
formation and dispersal of structured bacterial bio-
films or aggregates occur in response to a range of

environmental cues and signals, such as changes in
nutrient concentrations, oxygen, temperature, as well
as chemicals and predatory stresses (Bassler et al.,
1993; Matz et al., 2004; McDougald et al., 2011; Mitri
et al., 2011). In many cases, the signal transduction
pathways, the associated changes in gene expression
and the involvement of second messenger systems
have also begun to be unravelled (Barraud et al., 2009;
Petrova and Sauer, 2012). For example, it is now well
appreciated that many bacteria rely on a regulatory
system based on the production, secretion and
response to signalling molecules, termed quorum
sensing (QS), as a mechanism to control biofilm
development for bacterial populations and this form
of control is also postulated to occur within bacterial
communities (Williams et al., 2007). The N-acyl-
homoserine-lactone (AHL) mediated QS system is one
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of the best studied bacterial QS systems and has
been shown to regulate virulence factor expression,
competition and biofilm formation in many different
microorganisms and indeed has recently been found
also in Archaea (Zhang et al., 2012).

Quorum sensing research has made significant
advances in defining the molecular pathways
involved in AHL signalling and activation of QS
regulated genes as well as the integration of AHL
mediated QS with other global regulators to ensure
the proper timing of gene expression (Williams
et al., 2007). Although such studies have focused
on populations of bacteria in the laboratory, bacteria
in natural and man-made environments mainly exist
as phylogenetically highly diverse and complex
communities (Kolter and Greenberg, 2006). These
communities are unlike those of population derived
assemblages, with community members differen-
tially experiencing fluctuations in a wide range of
parameters, including pH, temperature, nutrient
concentration, oxygen level and diffusion/dilution
of signals (Boyer and Wisniewski-Dyé, 2009; Decho
et al., 2009; Yeon et al., 2009). Despite these
challenges, it is now increasingly clear that QS
occurs in and appears to be highly relevant for
complex communities, whether they are biofilms on
rocks in streams (McLean et al., 1997), stromatolites
(Decho et al., 2009) or biofilms formed on hollow
fibre membranes in bioreactors (Yeon et al., 2009).
For example, the concentration of AHLs in a
microbial mat was shown to vary with the diel
cycle, driven by pH changes as a function of
community metabolism and photosynthesis (Decho
et al., 2009). However, the role of QS signalling in
microbial communities remains poorly understood
both in terms of how the signals may impact on
community assembly and the function or interaction
of the community members.

A microbial granulation system was used in this
study as a model ecosystem for complex microbial
community assembly. Granulation is an emerging
nutrient removal biotechnology, which enables
decentralized low energy, cost effective and sustain-
able water treatment (Liu and Tay, 2004). Our
granulation ecosystem has many advantages in that
key process parameters, including dissolved oxygen
concentrations, pH, temperature, carbon, nitrogen
and phosphorus concentrations, as well as the
conversion of the floccular biomass into dense,
highly structured granules can be precisely con-
trolled and quantified. Acquiring this metadata
set allows for the simultaneous and integrated
investigation of environmental factors impacting
on the production, accumulation, maintenance and
functional role of AHL signals in the microbial
community. Using this model ecosystem and a
combination of analytical chemistry, metatranscrip-
tomics and ecology study approaches, we have
investigated the role of AHL based QS signalling
in the assembly and morphogenesis of a highly
complex granular sludge community.

Materials and methods

Bioreactor operation
A sequencing batch reactor, seeded with floccular
sludge community (Zhou et al., 2010), was operated
for 154 days at 22 1C under conditions selecting for
the formation of microbial granules (Supplementary
Materials and Methods). The bioreactor operation
involved a 6h cycle with two continuous phases of
feeding, anaerobic, aerobic and anoxic periods.
A total of 2 l synthetic wastewater (Zhou et al.,
2010) was fed to the bioreactor during the feeding
stages and 2 l of treated effluent was discharged at the
end of the cycle, giving a hydraulic retention time of
12h. The granulation process was monitored on a
weekly basis. Concentrations of sludge biomass,
including mixed liquor suspended solids and mixed
liquor volatile suspended solids, as well as concen-
trations of ammonia, nitrite, nitrate and orthopho-
sphate were determined using APHA standard
engineering methods (Eaton et al., 2005). Sludge
particle size was determined using a laser particle
size analysis system (Malvern Mastersizer,
Singapore). Morphology of the sludge particles was
observed under a dissecting microscope (Olympus
SZX2-ILLT, Singapore). Sludge volumetric index at
5min (SVI5), which measures sludge density/com-
pactness, was determined as described by Liu (2008).
One millilitre aliquots of mixed sludge suspension
were collected by the end of the anoxic stage. The
sludge biomass was collected at 8000 g for 5min and
stored at � 80 1C immediately for subsequent RNA
and extracellular polymeric substances (EPS) analy-
sis. Similarly, 50ml aliquots of treated effluent were
kept at � 80 1C immediately after sampling for later
extraction of AHLs.

Chemicals
The following synthetic AHLs (497%) were purchased
from Sigma-Aldrich (Singapore): N-butyryl-DL-homo-
serine lactone (C4-HSL), N-hexanoyl-DL-homoserine
lactone (C6-HSL), N-(3-oxohexanoyl)-DL-homoserine
lactone (3OC6-HSL), N-heptanoyl-DL-homoserine lac-
tone (C7-HSL), N-octanoyl-DL-homoserine lactone
(C8-HSL), N-(3-oxooctanoyl)-L-homoserine lactone
(3OC8-HSL), N-decanoyl-DL-homoserine lactone (C10-
HSL),N-(3-oxodecanoyl)-L-homoserine lactone (3OC10-
HSL),N-dodecanoyl-DL-homoserine lactone (C12-HSL),
N-(3-oxododecanoyl)-L-homoserine lactone (3OC12-
HSL), N-(3-hydroxydodecanoyl)-DL-homoserine lac-
tone (3OHC12-HSL), N-tetradecanoyl-DL-homoserine
lactone (C14-HSL) and N-(3-oxotetradecanoyl)-L-
homoserine lactone (3OC14-HSL).

Detection of AHLs by high performance liquid
chromatography/tandem mass spectrometry
(HPLC-MS/MS)
Extraction of AHLs from treated effluents (bulk liquid/
sludge supernatants) were conducted as described by
Shaw et al. (1997). Briefly, 50ml of the supernatants
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were extracted twice with two volumes of dichlor-
omethane. The dichloromethane extracts were con-
centrated and resuspended in 50ml of methanol:
water (1:1 v/v) before analysis by HPLC-MS/MS
(Shimadzu, Singapore). All samples were chromato-
graphed by HPLC (XR-ODS C18 column) at a flow
rate of 0.3mlmin�1. The mobile phase consisted of
a linear gradient (40–95%) of solvent B (methanol
with 0.1% formic acid) and solvent A (25mM

ammonium formate with 0.1% formic acid). Efflu-
ents were ionized by electrospray ionization under
positive mode and detected using the multiple
reaction monitoring approach (Morin et al., 2003;
Decho et al., 2009). Matrix-matched multiple
reaction monitoring experiments were conducted
for all 13 standard AHLs (Supplementary Table S1).
Each standard multiple reaction monitoring profile,
including specific LC retention time, appearance of
precursor ion m/z and two transition ions, as well as
relative intensity of the two transition ions, was used
as a reference. To confirm the identity of the putative
AHLs, a full scan, ranging from m/z 100 to 350,
coupled with precursor ion scan mode was con-
ducted in comparison with the standards. The
extraction efficiency for each AHL was estimated
based on the recovery of the standards at two
different concentrations, 5 and 50mg l�1, added to
the heat-inactivated sludge supernatant sample
matrix.

Quantification of AHLs by HPLC-MS/MS
For AHL quantification, matrix-matched standard
curves, ranging from 0.5 to 200 mg l�1, were
constructed. Two transition ions, characteristic of
the respective AHLs, were used to identify the AHL
and the transition ion with the highest intensity
was employed to construct the standard curves
(Supplementary Table S1). The analyte peak areas
were integrated using LabSolutions (Shimadzu).
The limits of detection and quantification for each
AHL were calculated with a signal-to-noise ratio of
3.3 and 10, respectively. Triplicate blank injections
were performed between sample injections to avoid
sample carry over.

EPS analysis
Extraction of EPS from the sludge biomass was
performed as described by Adav and Lee (2007),
with some modifications. Briefly, 1ml of mixed
sludge suspension was collected at 8000 g for 5min.
The sludge biomass was ground gently with a clean
glass rod to disrupt the granular particles and
subjected to freeze-drying for 24 h. The dried
biomass was recorded. The samples were resus-
pended in 1ml of 0.9% NaCl (w/v) solution with
0.6% formaldehyde (v/v) for 1h at 4 1C. Four
hundred microliters of 1M NaOH were added to
the sludge suspension for 3 h at 4 1C before collect-
ing EPS at 17 000 g for 15min at 4 1C. The

polysaccharide (PS) component of EPS was mea-
sured using the phenol-sulfuric acid assay with
glucose as the standard (Dubois et al., 1956),
whereas the protein (PN) component was quantified
by the bicinchoninic acid assay with bovine serum
albumin as the standard (Smith et al., 1985).

AHL add-back studies
Two liters of floccular sludge, used to seed the
granulation bioreactor, was collected (Zhou et al.,
2010). The sludge biomass was washed three times
with 0.9% NaCl solution before the exposure of
fresh synthetic wastewater. Forty mililiters of the
sludge suspension were distributed to the indivi-
dual flasks, followed by the addition of 40 ml
exogenous AHLs, for example, C6-HSL, C8-HSL,
C12-HSL, 3OC6-HSL, 3OC8-HSL and 3OC12-HSL,
to a final concentration of 100 or 5000nM. DMSO
was included as the negative control. For each
treatment, three biological replicates were per-
formed. The culture flasks were incubated at
100 r.p.m. for 1h at 22 1C. Two aliquots of 1ml
mixed sludge suspension were sampled from each
flask at time 0 and 1h. The sludge biomass was
collected at 8000 g for 5min and snap-frozen with
liquid nitrogen before the storage at � 80 1C for
further EPS analysis. Measurements of mixed liquor
suspended solids and mixed liquor volatile sus-
pended solids were taken for each flask at the
beginning and the end of the experiment. Two-way
ANOVA and Bonferroni tests were conducted for
statistical analysis.

Metatranscriptomic studies
Total RNAwas extracted from sludge using FastRNA
Pro Soil-Direct kit (MP Biomedicals, Singapore)
according to the manufacturer’s guidelines and DNA
was removed using the TURBO DNA-free kit
(Applied Biosystems, Singapore). RNA quality was
determined using Agilent 2100 Bioanalyser and
reported as RNA integrity number. The quantity of
total RNA and residual DNA was measured by
Quant-iT RiboGreen RNA and PicoGreen DNA assays
(Invitrogen, Singapore), respectively. Total RNA,
200ng, was used for complimentary DNA (cDNA)
library preparation according to the manufacturer’s
instructions (Illumina, Singapore). Each cDNA library
was ligated with a unique adaptor sequence for
sample multiplexing. A total of 16 different cDNA
libraries were pooled and sequenced byMiseq System
(Illumina).

Sequence analysis
Total RNA sequencing data were analyzed using a
fast tag-based method developed here. This PCR free
approach has the advantage of minimizing amplifi-
cation bias (Logares et al., 2013). Briefly, a universal
primer (CGACRRCCATGCANCACCT) for the 16S
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rRNA hypervariable region (V6) was used to scan
each sequencing read to obtain 33 nucleotide (nt)
sequences downstream of the primer, and the 33nt
sequences are defined as the V6 tag of the 16S rRNA
gene. Short reads not able to cover the full 33 nt
region were discarded. The universal primer
matches 94% of 16S rRNA sequences in the RDP
database (Claesson et al., 2010). Each different V6
tag is used as a signature sequence to represent one
operational taxonomic unit. To eliminate sequen-
cing error derived V6 tags, only V6 tags that were
observed in at least two different reads were kept for
analysis, and V6 tags were removed when any single
type of sequencing read accounted for X50% of all
reads covering that V6 tag to eliminate sequencing
artifacts where identical duplicated reads were
generated from single templates.

Statistical analysis
All statistical analyses were performed using Prism
(GraphPad) or R (www.r-project.org). ANOVAs,
Bonferroni and Tukey tests were conducted to
examine differences between various granulation
phases and adjusted P-values were reported.

Pearson correlation coefficients were determined
and false discovery rate corrections were made for
all multiple correlations and adjusted P-values were
reported. The correlation matrixes were clustered
using unsupervised hierarchical clustering method
based on Euclidean distance with complete linkage
as coded by Cluster 3.0 and visualized using Java
TreeView.

Results

Development of a complex, functional granular sludge
community
Granules are defined as compact aggregates that are
characterized with a minimum particle size of
100 mm in diameter and have a SVI5 (a measure of
biomass density/compactness) of 50ml g�1 or less
(Barr et al., 2010). Samples were collected weekly
for image analysis, quantification of SVI5, particle
size and sludge biomass to monitor the granulation
process, and five distinct phases of granular devel-
opment were defined (Figure 1). At the point of
inoculation, the floccular biomass had a mean
particle diameter of 60mm (50th percentile distribution).

Figure 1 Developmental process of granular sludge community in a sequencing batch reactor based on microscopic visualization of
structures (a), particle size distribution (measured on a volume basis) and SVI5 (b), and sludge biomass concentration (c). Magnification
in (a) �15 (bar, 500mm). In (b), 10th percentile (open circle), 50th percentile (open square) and 90th percentile (open triangle) indicate
that 10%, 50% and 90% of total particles were below the corresponding size distribution, respectively; while SVI5 (filled triangle)
measures the compactness of the sludge particles. Concentration of sludge biomass (c), in terms of mixed liquor suspended solids (open
square) and mixed liquor volatile suspended solids (filled square), were also determined. The dotted line separates the different
developmental phases of granulation, that is, phases I–V.
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This was followed by the reduction of the sludge
settling-time from 60 to 5min to select for high
density sludge biomass, where a 40% loss in
biomass (mixed liquor volatile suspended solids
decreased from 3000 to 1820mg l� 1) and a 70%
reduction in biomass volume (SVI5 decreased from
300 to 106ml g�1) were observed (phase I; weeks
0–5). Compact aggregates developed in the bioreac-
tor by week 8 as the mean particle size increased
from 60 to 180mm and SVI5 decreased markedly to
o50ml g� 1 (phase II; weeks 5–8). This suggests that
the biomass was undergoing granulation. Weeks
8–15 (phase III) were characterized by a dramatic
increase in the mean particle size from 180 to
850 mm. Granule size remained steady at 850 mm for
the subsequent 5 weeks (phase IV; weeks 15–20). At
week 20, the mature granules disintegrated into
floccular biomass with the mean particle size
decreased to 200 mm and SVI5 increased to 89ml g�1

(phase V; weeks 20–22), thus completing the granule
life cycle. In terms of reactor performance, removal
of total nitrogen and phosphorus were rather erratic
during the transition from phase I to II where loss of
biomass occurred. However, stable and high removal
efficiency for both nitrogen (that is, 85±7%) and
phosphorus (that is, 95±11%) were achieved once
the compact aggregates were formed and increased
in biomass at phase IV. Although the phosphorus
removal efficiency was maintained during the
dispersal phase (phase V), removal of total nitrogen
became unstable at this point (that is, 76±25%).

AHL concentration positively correlates with
granulation
The specific AHLs and their concentrations in the
mixed microbial community during granulation
were determined from sludge supernatant extracts
by HPLC-MS/MS. Identification and quantification
were based on standard curves and the mass spectra
of 13 different synthetic AHLs as quantitative
references (Supplementary Figure S1). The extrac-
tion efficiency for each of the 13 standards was
experimentally determined (between 50% and
80%), and was factored into the quantification of
the AHLs. AHLs ranging from C4 to C8 were
detected at different stages of the granulation
process, whereas AHLs with 10 carbons or more
were not resolved within the detection limit (0.2–2
pmol g�1 after sample concentration and biomass
normalization) (Figure 2a). 3OC8-HSL was the most
abundant signal, 5- to 30-fold higher than the other
AHLs. The amount of 3OC8-HSL in the sludge
supernatant, after biomass normalization, was esti-
mated to be 6–325 pmol g�1 (Figure 2a), or 10–210
pM equivalent (Supplementary Figure S2). The
amount of C4–C8 AHLs, per gram of sludge biomass,
increased 10- to 100-fold during phase II as
compared with phase I (Po0.05 for all AHLs)
(Figure 2a), corresponding with the initiation of
granule formation (Figure 1). When the relationship

between AHLs and granulation at different devel-
opmental phases was determined using Pearson
correlation, all AHLs were strongly and positively
correlated with sludge particle size (as a granulation
measure) during the phase I–II transition (r40.8567,
Po0.007; minimum ‘r’ and maximum ‘P’ values for
all AHLs) (Figure 2b). The concentration of some
AHLs, for example, C4-HSL and C6-HSL, continued
to increase during phase III, whereas other AHLs, for
example, 3OC6-HSL, C7-HSL, C8-HSL and 3OC8-
HSL, decreased 5- to 10-fold during the same phase
(Figure 2a). A second rise in all AHL levels was
observed at the maintenance phase (phase IV) and
the levels of AHLs declined or were below the
detection limit at the time when the granules started
to disperse (phase V) (Figure 2a). The amounts of
C6-HSL and C8-HSL, in particular, were found to
decrease significantly (C6-HSL: 23.0±0.2 vs
2.0±1.3 pmol g�1, P¼ 0.0015; C8-HSL: 3.0±0.2 vs
0.03±0.0 pmol g� 1, P¼ 0.0037) (Figure 2a) and were
strongly correlated with the sludge particle size
during granule disintegration or phase IV–V transi-
tion (C6-HSL: r¼ 0.7983, P¼ 0.0550; C8-HSL:
r¼ 0.7670, P¼ 0.0714) (Figure 2b). The levels of
the remaining AHLs, for example, C4-HSL, C7-HSL,
3OC6-HSL and 3OC8-HSL, also declined during the
dispersal period but the differences were not
significant (P40.05) (Figure 2a). Thus, high con-
centrations of AHLs were associated with granule
formation and low levels of particular AHLs were
associated with granule collapse (Figure 2b).

Expression of EPS correlates with granulation and AHL
production
EPS, a key component of biofilms and granules,
was characterized and quantified based on poly-
saccharide and protein content. Both polysaccha-
rides and proteins increased in amount as the
floccular biomass began to transform into granules
(phase I–II; polysaccharides: 13.2±2.5 vs 27.3±
8.1mg g�1, Po0.0001; proteins: 72.4±8.5 vs
110.4±13.7mg g� 1, Po0.0001) (Figures 3a and b).
The amount of protein showed a slight decline in
phase III and remained relatively stable thereafter
(100.1±4.4mg g�1) (Figure 3b). In contrast, the
amount of polysaccharides declined during phases
IV and V, returning to the initial concentration
observed for the floccular sludge (21.1±1.1 vs
13.9±2.3mg g�1, P¼ 0.0452) (Figure 3a). Consistent
with the polysaccharide profile, the polysaccharide
to protein ratio (PS/PN) increased during phase I–II
transition (0.18±0.02 vs 0.24±0.04, P¼ 0.0070) and
decreased during phase IV–V transition (0.22±0.01
vs 0.13±0.03, P¼ 0.0025) (Figure 3c). For the latter
transition, the PS/PN ratio decreased to 0.13±0.03,
a ratio that was comparable with the EPS composi-
tion of the floccular biomass. The PS/PN ratio
showed a strong positive Pearson correlation with
the sludge particle size, in particular during
phase I–II (floccular to granular phase; r¼ 0.8950,
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Figure 2 The expression of AHLs correlates with different developmental phases of granulation. (a) HPLC-MS/MS profiling of AHLs
extracted from the sludge supernatant during granulation. The identity and quantity of individual AHLs present in each sample were
compared with the multiple reaction monitoring profiles of 13 standard AHLs. A total of six AHLs are shown (the remaining seven AHLs
were below the detection limit). The data were normalized to the respective sample biomass. Error bars are defined as s.e.m. (n¼3,
technical replicates). The dotted line separates the different developmental phases of granulation, that is, phases I–V while n.d.
represents ‘not determined’. (b) Unsupervised clustering of Pearson correlations between individual AHLs and sludge particle size (d0.5
or 50th percentile distribution) at specific phase transitions. False discovery rate (FDR) corrections for multiple comparisons were
performed and significant differences are indicated as follows: *Po0.05, **Po0.01 and ***Po0.001.
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P¼ 0.0033) and phase IV–V (granular to floccular
phase; r¼ 0.8357, P¼ 0.0288) transitions. Not only
did the EPS content correlate with the development
and dispersal of microbial granules, but it was
observed that the PS/PN ratio also correlated with
AHL accumulation in the bioreactor (Figure 3d). The
production of all AHLs and the PS/PN ratio were
statistically correlated during the phase I–II
transition (r40.7899, Po0.0339; minimum ‘r’ and
maximum ‘P’ values for all AHLs), whereas C8-HSL
was the only signal that strongly correlated with
the PS/PN ratio during phase IV–V transition
(r¼ 0.7921, P¼ 0.0867) (Figure 3d).

AHL addition induces EPS production in the floccular
sludge community
The exogenous addition of 3OC6-HSL, 3OC8-HSL
and 3OC12-HSL, as well as the unsubstituted
C6-HSL, significantly increased the production of
both extracellular polysaccharides (14–36%, Po0.05
for all indicated AHLs) and proteins (7–16%, Po0.05
for all indicated AHLs) by the floccular sludge
community, whereas C8-HSL and C12-HSL had no
effect on the total EPS production after 1h of
incubation (Figures 4a and b). Moreover, the produc-
tion of extracellular polysaccharides was found to be
induced in a signal concentration-dependent manner
(100 and 5000nM; F¼ 26.58, Po0.0001) (Figure 4a).
For example, addition of 3OC6-HSL to the floccular
sludge at 100 and 5000nM was found to increase the
production of polysaccharides by 18% and 36%,
respectively. Addition of these AHLs (that is, 3OC6-
HSL, 3OC8-HSL, 3OC12-HSL and C6-HSL) also
resulted in an increased PS/PN ratio, from 0.21 to
0.24 (Po0.05 for all indicated AHLs) (Figure 4c), for
the floccular sludge, which was consistent with the
PS/PN ratio of the granular sludge (Figure 3c).

Community composition correlates with AHL
production and granulation
Analysis of total rRNA sequences using the
Shannon–Weaver index, a measure of community
richness and evenness, revealed a community shift
from high to low diversity during the initiation of
granulation (phase I–II; 11.42±3.81 vs 8.85±1.48,
P¼ 0.2612) followed by a subsequent increase
in diversity during the maintenance phase
(phase III–IV; 7.85±0.82 vs 14.40±1.14, P¼ 0.0070)
(Supplementary Table S2 and Supplementary Figure
S3). To relate the changes in microbial species
abundance and community evenness to granulation
and AHL concentration, Pearson correlation coeffi-
cients were calculated by comparing the top 50 most
abundant community members with the concentra-
tion of individual AHLs as well as the stage of
granulation. The microbial community members
were divided into three clusters based on their
correlation with AHL concentration and granulation
(Figure 5). Community members in cluster 1 showed
no correlation to AHLs or granulation. Members in

Figure 3 The expression of EPS correlates with granulation and
AHL production at different developmental stages. Total EPS was
extracted from the sludge biomass and quantified for the extra-
cellular polysaccharides (PS) (a) and extracellular proteins (PN) (b)
components. Each EPS component was normalized to the respec-
tive sample biomass. The ratio of extracellular polysaccharide to
protein (PS/PN) was also determined (c). Error bars are defined as
s.e.m. (n¼ 3, technical replicates). The dotted line separates the
different developmental phases of granulation, that is, phases I–V.
Unsupervised clustering of Pearson correlations between PS/PN
ratio and the individual AHLs (d). FDR corrections for multiple
comparisons were performed and significant differences are
indicated as follows: *Po0.05 and **Po0.01.
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cluster 2, which accounted for 450% of the top 50
most abundant community members, demonstrated
a strong positive correlation with at least one AHL as
well as with granulation. A Xanthomonadaceae
bacterium (Tag 6), representing cluster 2, was
isolated from the granular sludge and was demon-
strated to produce AHLs ranging from C6 to C10,
with C7-HSL being the dominant signal
(Supplementary Figures S4a and c). Microorganisms
in cluster 3 were negatively correlated with granula-
tion as well as AHL concentration. Interestingly,
a cluster 3 member, of the Comamonadaceae family
(Tag 17), was isolated and found to be an AHL signal
degrader (Supplementary Figures S4b and d).

Discussion

Quorum sensing signalling represents an intriguing
area of research especially with respect to the
behaviour and ecology of microbial assemblages.
Many details surrounding signal coordinated
expression of phenotypes have been elucidated for
single species microbial populations. However, with
few exceptions, bacteria exist in the environment as
mixed communities of organisms and it remains
unclear how QS functions in such high diversity
communities. Here, we have begun to address the
community level QS signalling and responses
using a microbial granulation bioreactor system,
comprised of B500 operational taxonomic units
(data not shown), as our experimental ecosystem.

Despite the signals being present at concentrations
that were 5–200 times lower than those found for
many pure culture systems (Pearson et al., 1995;
Burton et al., 2005; Schaefer et al., 2008), the AHLs
were physiologically relevant and could be detected
in situ using a fluorescent bioreporter strain
(Supplementary Figure S5). Such low, yet active,
concentrations have been reported also for two novel
QS systems, aryl-homoserine-lactones (Ahlgren et al.,

2011) and branched acyl-homoserine-lactones
(Lindemann et al., 2011). These have been found to
respond to signal concentrations as low as 10pM.
Moreover, it was also demonstrated that endogenous
levels of AHLs were less than 20pM in soil (Wang and
Leadbetter, 2005), suggesting that the concentration of
extracellular signals in natural environments may be
lower than is typically observed for laboratory batch
cultures. Although the role of QS remains largely
unknown in most natural and engineered habitats,
this study has clearly established a strong positive
correlation between AHL based QS and formation of
microbial granules. Similarly, the reduction in signal
concentrations correlated with disintegration of the
granules (Figures 1 and 2). It is thus tempting to
speculate that QS signalling may have a key role in the
granulation process by mediating the communication
between different sludge particles for cellular aggrega-
tion or are involved in the regulation of community
behaviour associated with granular physiology.

The low signal concentrations in the bulk liquid
may represent an equilibrium concentration, where
the signals, which primarily partition to the biofilm,
diffuse out of the sludge into the bulk liquid. It has
been proposed that diffusion rates and local con-
centrations of signals matter more than bulk AHL
concentrations, a concept termed diffusion sensing
or efficiency sensing (Redfield, 2002; Hense et al.,
2007; Dulla and Lindow, 2008). If the local AHL
concentrations around the QS organisms can reach a
threshold level before subsequently being diluted
away into the bulk liquid, then the community may
still be able to efficiently employ QS. Although it
was not possible to precisely determine the signal
concentration accumulated within the sludge bio-
films using HPLC-MS/MS, we have semi-quantita-
tively measured the amount of signals extracted
from the floccular sludge biomass using a thin layer
chromatography overlaid with a biosensor strain
(data not shown). The dominant signal, 3OC8-HSL,
was present in the floccular biomass at 420nM,

Figure 4 Add-back of specific AHLs to the floccular sludge drives EPS production. Six different synthetic AHLs were separately added
to the microscosms at two different concentrations, 100nM (open bar) and 5000nM (filled bar), for 1 h with constant shaking at 100 r.p.m.
DMSO was used as a solvent control (grey bar). Expression of extracellular polysaccharides (PS) (a) and extracellular proteins (PN) (b)
were assessed 1h post incubation. Each EPS component was normalized to the respective sample biomass. The ratio of extracellular
polysaccharide to protein (PS/PN) expressed is depicted (c). Error bars are defined as s.e.m. (n¼3, biological replicates). Two-way
ANOVAwas performed and Bonferroni post-tests were conducted to compare each treatment to the negative control where significant
differences are indicated as follows: *Po0.05, **Po0.01 and ***Po0.001.
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which was at least 100-fold higher than the signal
concentration in the bulk liquid at the same time
point. These observations are consistent with a
previous report showing that AHLs preferentially
partition to the biofilm, reaching concentrations
600-fold in excess of the signal concentration in the
surrounding bulk liquid medium (Charlton et al.,
2000). Thus, it is highly likely that QS induction
would be active in the floccular and granular
biomass tested here, and may be important in the
development of microbial granules.

Previous studies have shown that AHL mediated
QS is important for biofilm development, and that in

some species this is mediated partly through
regulation of EPS production (Davies et al., 1998;
Koutsoudis et al., 2006). In addition, the develop-
ment of granules has been associated with the
production of the polysaccharide component gran-
ulan (Seviour et al., 2011). It was interesting to note
that in this study EPS production also showed a
strong positive correlation with AHL concentration
and granulation, suggesting an interrelationship of
these processes (Figure 3). Although it is not
possible to disentangle cause and effect from these
data, the increased EPS production on the exogen-
ous addition of AHLs to microcosms of floccular

Figure 5 Unsupervised clustering of the top 50 community members in relation to the expression of AHLs and granulation. The
relationships between the abundance of the top 50 most dominant community members (each represented by a unique V6 tag), and the
concentration profile of AHLs as well as the granulation measures over a time series of 22 weeks (16 time points in total) were calculated
based on Pearson correlation. Granulation determinants assessed include particle size distribution (d0.1, 10th percentile; d0.5, 50th
percentile; d0.9, 90th percentile) and SVI5.

m Unclassified based on the taxonomy classification pipeline stated in Materials and methods.
Instead, the closest relative with sequence identity matching more than 97% is shown where it is applicable. FDR corrections for
multiple comparisons were performed and significant differences are indicated as follows: *Po0.05, **Po0.01 and ***Po0.001.
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sludge may support the hypothesis that the AHLs,
which were most abundant in the bioreactor com-
munity (3OC6-HSL, 3OC8-HSL and C6-HSL), are
involved in the regulation of EPS production. The
increased EPS production is unlikely to simply
reflect either selection of species that produce EPS,
as the experiments were conducted over a short time
frame (1h), or a consequence of the community
utilizing the AHLs as a nutritional source, given that
the EPS expression was only induced by specific
AHLs (Figure 4). Although the amount of EPS
induced by specific AHLs in the batch culture was
not as extensive as observed in the natural granula-
tion course, the EPS induction was statistically
significant (AHLs vs DMSO control; Polysaccharides:
F¼ 19.68, Po0.0001; Proteins, F¼ 43.92, Po0.0001)
and likely to be of biological importance. The low
level of EPS induction observed in these add-back
experiments could be a consequence of the short
exposure time to AHLs (1h). Alternatively, optimal
EPS production during granulation may require a
combination of AHL mediated regulation and addi-
tional, unidentified environmental factors or cues.

On the basis of total RNA sequencing, the
abundance of more than 50% of the top 50 commu-
nity members were positively correlated with AHL
concentration across the 22-week experiment
(Figure 5: cluster 2). Many of the genera identified
here have previously been shown to be involved in
AHL mediated QS (Burton et al., 2005; d’Angelo-
Picard et al., 2005; Suárez-Moreno et al., 2010).
Organisms in this group, for example, Nitrosomonas,
Burkholderiales and Xanthomonadaceae, have pre-
viously been demonstrated to be AHL producers
(Burton et al., 2005; d’Angelo-Picard et al., 2005;
Suárez-Moreno et al., 2010) and we directly deter-
mined that a member of this cluster, for example, Tag 6
(Lysobacter brunescens), as well as a member of
cluster 1, for example, Tag 14 (Stenotrophomonas
sp.) from the family Xanthomonadaceae, produced
AHLs (Supplementary Figures S4a and c). Although
not all of the bacteria identified in cluster 2 may be
direct contributors to the QS signal pool, they
nonetheless likely have important roles in the
expression of QS dependent phenotypes. For example,
it has been shown that Escherichia coli, which does
not produce AHLs, can respond to AHLs via the
orphan AHL receptor SdiA, leading to specific
changes in gene expression (Hughes et al., 2010).
Moreover, a phylogenetic survey by Case et al.
(2008) demonstrated that 45 out of 512 complete
genomes contained incomplete QS circuits, with
homologues of the AHL receptor gene luxR but not
the AHL synthase gene luxI. In our system, it was
observed that several members of two dominant
genera in the community, that is, Candidatus
Competibacter and Candidatus Accumulator, pre-
viously demonstrated to be essential for granulation
through the production of granulan associated with
the EPS (Seviour et al., 2011), were positively
correlated with QS and granulation (cluster 2),

suggesting that they may participate in, or benefit
from, QS even though they have not yet been
demonstrated to produce AHL signals or carry
AHL receptor homologues.

Although it is not yet possible to determine if QS
signalling is a direct cause of granulation, the
observation here that the three processes, EPS
production, community composition changes and
AHL concentrations, were all strongly correlated
with each other suggests that they are important in
the granulation process. This combination of obser-
vations suggests that QS may have a role in
restructuring of the community, potentially through
the regulation of EPS. Here, AHL production may
lead to induction of EPS synthesis and hence
granulation. Alternatively, the changes in QS signals
may be a consequence of community selection
during the granulation process. Presumably, this
could be mediated by physical removal of low
density sludge biomass during the floccular phase
(phase I), and the enrichment/selection of specific
bacterial populations was reflected in the reduction
of community diversity in phases II and III
(Supplementary Figure S3). When stable aggregates
were formed, the diversity increased along with
the sludge biomass (Figure 1; phase III–IV).
The increased diversity during phase III could in
part be explained by the expansion of populations
that can exploit the different micro niches,
for example, anoxic/anaerobic and aerobic zones,
that form within granules (Meyer et al., 2005).
Interestingly, although the same operational
parameters were used throughout the experiment,
the granules dispersed at phase V (Figure 1).
Whereas, dispersal may be related to cell lysis
induced by predators, for example, phages (Barr
et al., 2010), the dispersal phenomenon was clearly
linked to a decrease in AHL concentration in this
study (Figure 2). The loss of signals could be the
consequence of decreased competiveness of cluster
2 organisms, which were closely associated with QS
signalling, resulting in a reduction in AHL con-
trolled EPS production.

Despite the high complexity of the granulation
ecosystem, it is clear that AHL mediated signalling
and community assembly are linked in the system
described here and hence QS is relevant for complex
microbial communities. Signal concentrations were
at least 100 times higher in the biomass, and were in
the ranges previously shown to induce bioreporter
strains, suggesting that QS is most relevant within
the structured floccular or granular community. We
submit that the dynamic physiological conditions
experienced by the microbial community in the
granular biofilm reactor would not be dissimilar
from environmental conditions experienced by
many other complex communities in a wide range
of natural and bioprocess systems, such as microbial
mats, anaerobic digesters, membrane bioreactors
and river streams. It is therefore likely that QS
signalling has an important functional roles and
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mediates cooperative microbial community beha-
viour, in particular within biofilm structures.
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