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Bacteria communicate by secreting and detecting diffusible small molecule signals or pheromones. Using
the local concentrations of these signals to regulate gene expression, individual cells can synchronize changes in
phenotype population-wide, a behavior known as quorum sensing (QS). In unstirred media, the interplay between
diffusion of signals, bacterial growth, and regulatory feedback can generate complex spatial and temporal
patterns of expression of QS-controlled genes. Here we identify the parameters that allow a local signal to
trigger a self-sustaining, traveling activation of QS behavior. Using the natural bioluminescence of wild-type
Vibrio fischeri as a readout of its lux QS system, we measure the induction of a spreading QS response by a
localized triggering stimulus in unstirred media. Our data show that a QS response propagates outward, sustained
by positive feedback in synthesis of the diffusible signal, and that this response occurs only if the triggering
stimulus exceeds a critical threshold. We also test how the autonomous or untriggered activation of the V. fischeri
QS pathway changes at very low initial population densities. At the lowest population densities, clusters of cells
do not transition to a self-sensing behavior, but rather remain in communication via signal diffusion until they
reach sufficiently large size that their own growth slows. Our data, which are reproduced by simple growth
and diffusion simulations, indicate that in part owing to bacterial growth behavior, natural QS systems can be
characterized by long distance communication through signal diffusion even in very heterogeneous and spatially
dispersed populations.
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I. INTRODUCTION

Many species of bacteria communicate using diffusible
small molecule signals or pheromones. Individual cells se-
crete the signals into their environment, leading to a rising
local concentration that other cells detect through dedicated
receptors that control important regulatory pathways. This
form of intercellular communication, known as quorum sens-
ing (QS), allows bacteria to detect and respond collectively
to their own population density and to other environmental
parameters such as stress conditions, competition from other
microbial species, and symbiotic or host-pathogen interac-
tions [1,2].

The gene regulatory pathways associated with QS typi-
cally possess complex architecture. Synthesis of the diffusible
signal is often regulated with positive feedback, so that pro-
duction of a signal accelerates when its local concentration
attains a certain threshold [1]. QS pathways also typically
respond to multiple chemical signals and to cross-species
interactions. As a result regulatory pathways controlled by
QS may have elaborate sensing capabilities and dynamics
whose biological consequences are unclear [3,4]. Researchers
in synthetic biology have demonstrated some of this potential
by engineering QS bacteria and assemblies that exhibit pattern
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formation, oscillations, and other types of reaction-diffusion
phenomena [5–7]. Manipulating QS bacteria into specific
configurations or confining them in microfluidic structures
can also produce interesting behaviors [8–11].

Even wild-type bacteria under unstirred conditions, where
the intercellular signals travel only by diffusion, can demon-
strate striking spatial and temporal effects in QS. The in-
teraction between colony growth, signal diffusion, and other
phenomena can generate traveling wave fronts of quorum ac-
tivation [12], pulsing and synchrony over large distances [13],
and percolationlike thresholds of activation [14]. The behavior
of QS systems in the absence of advection has been analyzed
through simple modeling that considers generic properties of
QS regulatory pathways [12,15–18], as well as effects such
as cell positioning [19] and spreading [20]. Such modeling
indicates, for example, that activation of a QS pathway can, in
principle, propagate in wavelike fashion through a spatially
dispersed population [17]. Modeling also suggests that QS
activation may differ qualitatively in more homogeneous,
uniformly distributed populations than in heterogeneous, clus-
tered populations: several models propose that cells within
isolated high density clusters may activate their QS pathways
more rapidly than they would in more dispersed or homoge-
neous configurations [4,16,18,19].

Surprisingly, however, the connection to experimental data
is incomplete. In particular there are few data on the condi-
tions that are required to trigger a traveling activation [13,17]
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of the QS pathway of a natural bacterial system. The lack of
data makes it difficult to answer key biological questions, such
as what kind of local environmental stimulus can, by diffusion
of QS signals, elicit a response from distantly located cells
that encounter a different environment [21]. There is also little
experimental evidence to support the model scenario [15,16]
in which a tight cluster of cells attains rapid QS activation by
self-sensing, rather than by exchanging signal (communicat-
ing) with neighbors.

Here we investigate experimentally the conditions required
for Vibrio fischeri bacteria to exhibit a spatially spreading
response to a localized stimulus when the cells are embedded
in a semisolid medium. Using a wild-type strain and its
natural bioluminescence as a readout of QS activation, we
also test how the timescale for endogenous (absent an external
stimulus) autoinduction of the QS pathway is affected by
dispersion of the population to very low and heterogeneous
density.

II. METHODS

A. Construction and growth of strains

V. fischeri strain MJ11 is a brightly luminescent wild-type
strain [22]. Strain NL63 is a mutant of V. fischeri strain
ES114 that is unable to produce 3OC6-HSL or C8-HSL owing
to a frameshift mutation and deletion, respectively, of the
corresponding synthase genes luxI and ainS [23]. Strains CR5
and CR6 are derived from V. fischeri strain KV6576 (an ES114
derivative) [24]. They contain gfp embedded in the lux operon
between luxI and luxC to act as a reporter [25]. CR5 contains
a functional copy of the luxI gene that enables 3OC6-HSL
synthesis, whereas CR6 does not. The CR5 and CR6 strains
were generated by allelic exchange, with alleles introduced
by triparental mating, as described previously [26,27], and
the mutant loci were confirmed by polymerase chain reac-
tion (PCR) and DNA sequencing. To generate the alleles on
mobilizable plasmids, the gfp variant in pJLS198 was PCR
amplified using primers JLSssrA-ASV [25] and CRG3 (5′-
ATTAGCGGCC GCGAAGGAGA TATACATATG GCTAG-
CAAAG GAGAAGAAC -3′), the amplicon was digested with
NotI and BamHI, and the resulting fragment was cloned into
similarly digested pJLB72 [27] to place gfp between flanking
luxI and luxC fragments. The luxI-gfp-luxC allele on the
resulting plasmid, pCRG4, was exchanged into KV6576 to
generate CR5. The luxI gene in pCRG4 was inactivated by
digesting a unique BglII site within the gene, filling in the
4-base pair overhangs, and religating to generate a frameshift
mutation, thereby generating pCRG23. The mutant lux allele
in pCRG23 was exchanged into the genome of CR5 to gen-
erate CR6. MJ11 and ES114 are distinct natural isolates of V.
fischeri and carry different luxR alleles as well as differences
in the lux regulatory region [28].

V. fischeri were cultured overnight in a complex medium
based on seawater and tryptone (SWTO) [29] and then diluted
100× into fresh SWTO. After cells had grown to an optical
density (OD) of 0.3 (in 1 cm at 600 nm), corresponding to
� 3 × 108 colony forming units (cfu) cm−3, the culture was
washed three times in defined minimal medium (DMM) [30]
to remove ∼99.99% of any endogenously produced homoser-

ine lactone (HSL). Vortexing 70 μL of this culture into 7 cm3

growth medium (DMM or conditioned SWTO) containing
1% (by weight) low-melting-point agarose (Thermo Fisher
R0801) at 35◦C gave an initial culture density of n0 � 1.4 ×
106 cfu cm−3. Higher dilution was used to obtain lower n0.
The agarose–medium + culture mixture was then poured into
a 60 mm diameter plate which was cooled for 20 min in a
humid, room temperature enclosure prior to imaging.

Conditioned SWTO (c-SWTO) was prepared by growing
NL63 in SWTO to OD = 0.25 (in 1 cm at 600 nm) and then
filter sterilizing the SWTO. Conditioning removes a molecule
present in rich growth media that is inhibitory of lux expres-
sion [31]. We used a commercial well plate reader (BioTek
Synergy 2) to measure the MJ11 growth doubling time as
41 min in c-SWTO–agarose and 116 min in DMM–agarose.
[Growth rate k = ln(2)/(doubling time)].

For an exogenous stimulus to lux activation, we dissolved
3OC6-HSL or C8-HSL (CAS 143537-62-6, CAS 147852-84-
4, Cayman Chemical) in low-melt agarose–medium and then
deposited 2 μL of this mixture at the center of the agarose
plate. The sample was then cooled for 5 min to allow the
agarose to solidify, prior to imaging.

B. Time-lapse imaging

For imaging bioluminescence, cooled agarose–medium
plates were inverted and placed inside a humidified light-
proof enclosure with a circulating fan at 23 ◦C. Images of
MJ11 were collected every 15 min using a 1024 × 768 pixel,
monochrome CCD camera (Imaging Source, DMK31BF03)
and 8 s (c-SWTO) or 30 s (DMM) exposure with a 6 mm, f/1.4
lens. Images of CR5 and CR6 were collected using 10 min
exposures of a 1392 × 1040 pixel, cooled monochrome CCD
camera (Andor Clara) with a 35 mm, f/2 lens, with 5 min
between successive exposures. Weighing the plates before
and after each experiment showed that evaporative loss was
3% ± 1%. Images were analyzed in MATLAB (Mathworks).

C. Simulation

We numerically simulated a model in which bacteria em-
bedded at random locations in a thin agarose layer grow while
exchanging a diffusible quorum signal. The agarose layer was
represented by a flat array (400 × 400 × 1) of cubic volume
elements of size h3, where h = 10 μm. A small, random
subset of locations within the array was chosen for placement
of cells, and a Poisson-distributed random number N of cells
was then placed at each of those locations (with 〈N〉 = 3).
The Poisson distribution mimics possible aggregation of cells
in the source culture. The number of occupied locations was
chosen so that the array overall contained an initial population
density n0 (cells cm−3).

Numerical simulation is based on the following model of
growth and signal production. The bacteria exhibit logistic
growth [32], in which the number of cells N at a given location
(volume element in the simulation) increases according to

dN

dt
= kN (1 − N/Nmax). (1)
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Here k is the growth rate (1.9 × 10−4 s−1, or one doubling per
hour), and Nmax = 103 is the carrying capacity, or maximum
number of cells allowed per volume element [32].

Each of the N cells at any location (r, t) releases HSL
at a rate that depends on the local concentration C(r, t ) of
HSL [33] but declines late in the growth curve, so HSL
synthesis increases C(r, t ) as

∂Csynthesis

∂t
= γ

h3
N (1 − N/Nmax)

(
r0 + C2

C2 + C2
1

)
. (2)

We use γ = 6 × 10−23 mole s−1 as the maximum rate of HSL
synthesis per cell, r0 = 0.01 to define a basal rate of synthesis,
and C1 = 10−8 M as the threshold for activation of the quorum
response [34]. The HSL diffuses with a coefficient D = 3 ×
10−6 cm2 s−1 [35]. Therefore the HSL concentration obeys

∂C

∂t
= D

2�
C + ∂Csynthesis

∂t
. (3)

We model self-activation of the population by simultane-
ously integrating Eqs. (1), (2), and (3) forward in time at each
location in the array, using MATLAB. This integration generates
separate, time-dependent arrays containing the values of N
and C at each location. It continues until at least 50% of
the cells in the model experience a local HSL concentration
that is sufficient to activate the lux pathway. That is, the
activation time ta is defined as the time at which at least half of
the population experiences C > C1. To simulate induction by
exogenous HSL, we apply the initial condition of a Gaussian-
shaped C(r, 0) centered at r = 0, with σ = 10h, and then
integrate Eqs. (1), (2), and (3) to find how C evolves for cells
near the origin.

III. RESULTS AND DISCUSSION

The marine bacteriumV. fischeri is an important model
organism for the study of bacterial QS. It employs a complex
QS pathway in its colonization of its symbiotic host animals,
which include certain fish and squid species [36,37]. The full
QS pathway in V. fischeri detects multiple signals and controls
diverse phenotypic outputs related to metabolism, motility,
colony morphology, and host colonization [38]. However its
best-known output is the blue-green bioluminescence of the
bacterium, generated and regulated by the lux locus, which
encodes a classic Gram negative QS system. The lux locus in-
cludes luxR and the divergently transcribed lux operon, which
comprises luxI as well as genes encoding the bacterial lu-
ciferase and other enzymes required for bioluminescence [37].
LuxI is the synthase of the quorum signal N-3-oxo-hexanoyl
homoserine lactone (3OC6-HSL), which diffuses across cel-
lular membranes and is detected by other V. fischeri cells via
the intracellular receptor LuxR, encoded by luxR. LuxR and
3OC6-HSL bind to form a transcriptional activating complex
for the lux operon; the complex induces the bioluminescence
genes in addition to production of additional LuxI. Therefore
high concentrations of 3OC6-HSL induce both the bacterial
bioluminescence and, via transcriptional positive feedback,
increased production of 3OC6-HSL. LuxR can also bind the
N-octanoyl-L-homoserine lactone (C8-HSL), which V. fischeri
synthesizes and detects through a separate QS pathway; con-

sequently the lux-controlled bioluminescence is subject to
cross talk from the C8-HSL signaling pathway.

We first tested how the initial dispersal or colony density
of a population of V. fischeri, immobilized in a semisolid
growth medium, affects the self-activation time of the QS
pathway that regulates the native bioluminescence. Wild-type
strain MJ11 was grown to exponential phase in liquid media
and then embedded in low-melting-point agarose + medium,
forming a thin (2.5 mm deep) layer in a 60 mm diameter
plate. The time-lapse images in Fig. 1(a) show that, after an
interval that depends on the initial culture density n0 (cfu
cm−3), a burst of bioluminescence appears in each plate. The
bioluminescence later fades as the cells enter stationary phase.
Defining the activation time ta as the time at which lumines-
cence exceeds 1.5 counts mm−2, we find that ta [Figure 1(b)]
increases steadily as n0 decreases from high (n0 � 2 × 106 cfu
cm−3) to low (� 70 cfu cm−3) values. At the lower end of this
range the initial cell-to-cell distance is calculated to average
2–3 mm. At n0 < 104 cfu cm−3 the isolated individual cells
have grown into sizable clusters when quorum is reached, giv-
ing the bioluminescence images a granular appearance. Thus
at this stage the luminescence images show large pixel-to-
pixel variances in brightness [Fig. 1(c)]. Nevertheless, across
each plate the onset of luminescence remains mostly well
synchronized until n0 < 100 cfu cm−3 [Fig. 1(b)].

The trend of ta with decreasing n0 is initially logarith-
mic [39], as highlighted by the dashed line in Fig. 2. This
behavior is consistent with the simplest picture of quorum
activation in a well-mixed, exponential-phase culture: The
population density n (cells cm−3) grows as n(t ) = n0 exp(kt ),
while each cell synthesizes the activating signal at basal rate
γ ′ = r0γ moles s−1 (Sec. II). If diffusion between cells is
rapid enough in relation to HSL synthesis, then the QS circuit
activates population-wide when the signal concentration C
reaches the activation threshold C1. Thus bioluminescence is
triggered at

ta � −1

k
ln

γ ′n0

kC1
(4)

independent of the HSL diffusion coefficient D. Equation (4)
predicts that the slope of the dashed line in Fig. 2 is the
inverse of the growth rate k, and the intercept corresponds to
the population density at which quorum activation occurs in a
well-stirred culture. The actual value of the slope corresponds
to k = 2.8 × 10−4 s−1, which exactly matches the growth rate
k measured in a plate reader (Sec. II), and the x intercept (at
n0 = 7.5 × 108 cfu cm−3) is a typical activating density for
V. fischeri luminescence [40]. Therefore Fig. 1 indicates that
diffusion is efficient and the system behaves as well mixed at
moderate to large n0, with its QS activation controlled by the
spatial-average HSL concentration.

Equation (4) should fail, however, when n0 is low enough
that ta exceeds the intercellular diffusion time, roughly tD =
(Dn2/3

0 )−1. The inset in Fig. 2 compares ta and tD for our ex-
perimental system (using D = 3 × 10−6 cm2 s−1) and shows
that communication by diffusion between dispersed cells or
clusters should be too slow to synchronize QS activation if
n0 < 10 cfu cm−3.
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FIG. 1. Autonomous activation of quorum-regulated biolumines-
cence in MJ11 V. fischeri embedded in semisolid medium (c-SWTO
+ 1% agarose). (a) Bioluminescence imaged at initial population
densities n0 of 1.4 × 107 (top row), 1.4 × 103 (middle), and 14
(bottom row) cfu cm−3 at different times as indicated. (b) Lumines-
cence emission from the plates develops at successively later times
as the initial n0 (values indicated) is decreased. (c) Pixel-to-pixel
variance in the luminescence images rises sharply for plates prepared
with n0 < 104 cfu cm−3, indicating increasing spatial heterogeneity
where large cell clusters produce most of the luminescence.

Accordingly, Figs. 1 and 2 show a change in behavior
at n0 � 10–50 cfu cm−3, where the activation within each
plate, as well as the ta of plates in different trials, become
increasingly variable. At the lowest culture densities (n0 < 10
cfu cm−3), where each plate initially contains <10 cells, the
activation time ta rises sharply, exceeding 25–40 h.

For unstirred cultures (absent advection and cell motility)
different scenarios have been modeled for QS activation at

FIG. 2. Time ta to bioluminescence activation versus initial cul-
ture density n0. The dashed line represents n0 ∝ exp −kta [Eq. (4)]
with k = 2.8 × 10−4 s−1 and kC1/γ

′ = 7.5 × 108 cfu cm−3. Inset:
Diffusion timescale tD � 1/Dn2/3

0 (black) exceeds ta [Eq. (4), red]
for n0 < 10.

very low culture densities, where intercell communication be-
comes inefficient and spatial heterogeneity of the population
plays a larger role [4]. Localized groups of cells could, in prin-
ciple, activate through internal communication even though
different groups are uncoupled from each other [18,19]. Al-
ternatively, in a quorum “self-sensing” scenario a solitary
cell grows into a compact cluster that eventually triggers its
own QS pathway as it secretes its diffusible signal at an
exponentially accelerating rate that ultimately overcomes the
outward diffusive flux [4,15]. In this scenario, at low n0 the QS
activation behavior transitions from communicating or well
mixed (ta ∝ − log n0) to self-sensing, in which ta is sensitive
to D but independent of n0.

The observed noise in ta at n0 < 50 is consistent with
weakening diffusive coupling between the isolated clusters,
so that random variations in cluster size, shape, and proximity
lead to chance variability in activation time. However, the
eventual divergence of ta at the lowest n0 most likely indicates
that QS in a solitary cluster is impeded by the limited rate of
nutrient (and O2) influx as the cluster becomes very large [16],
with HSL production declining along with growth. As a
result the self-sensing limit is not truly observed; cells remain
mostly in communication until activation fails entirely. This
transition is examined by simulation below.

We then examined the conditions that allow a pattern
of QS activation to spread temporally and spatially through
our V. fischeri–agarose system. We previously reported that
a localized, exogenous HSL stimulus can trigger a spread-
ing luxIR response in bacterial cultures that harbor this QS
system [13]. Figure 3 shows the stimulation of biolumines-
cence by a 2 μL droplet of 3OC6-HSL, the primary quorum
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signal for V. fischeri bioluminescence, which was placed at the
plate center (r = 0) at t = 0. Figure 3(a) shows that the CR5
strain (with intact luxIR circuit) responds with biolumines-
cence that propagates steadily outward out to r ∼ 1 cm [13], at
an initial speed of about 0.1 cm h−1. Eventually, the remainder
of the plate activates simultaneously. Figure 3(b) shows that
the spreading bioluminescence seen in CR5 is not observed
in the CR6 strain, which lacks a functional luxI encoding the
3OC6-HSL synthase.

The qualitatively different response of the CR5 and CR6
strains is also seen in the shape of the (r, t) distribution of
bioluminescence intensity; the HSL droplet triggers a strong
response in CR5 [Fig. 3(c), bottom left], moving outward
from t = 10 to 20 h, while the CR6 strain shows only a
weak transient response to the droplet at t � 10 h [Figure 3(c),
bottom right].

The finding that an intact luxIR circuit is required for the
spreading bioluminescence demonstrates that it is not a pas-
sive response of the lux operon to the outwardly diffusing HSL
droplet, but rather involves the positive-feedback regulated
sensing and synthesis of 3OC6-HSL.

In both CR5 and CR6 strains a weak endogenous activation
(independent of r) of the entire plate is observed at t � 19 h.
Its timing is not affected by the triggering HSL droplet or the
presence of a functional luxI. This activation is presumably
due to an accumulation of C8-HSL (synthesized through
the ainSR pathway) because the CR6 strain cannot produce
3OC6-HSL.

In order to determine the system parameters that control
this propagating QS response, we tested the effects of initial
colony density and the size of the 3OC6-HSL stimulus in the
MJ11 strain. Figure 4(a) shows no spreading response if the
amount of added 3OC6-HSL is below a threshold value of a
few picomoles. Further, once the provided amount sufficiently
exceeds the threshold, the intensity of the bioluminescence
(emitted light per unit area) at r = 0 is not greatly increased
by additional stimulus [Fig. 4(b)]. By contrast, no amount of
the alternative signal C8-HSL elicited a spreading response
in the MJ11 strain, and Fig. 4(c) shows no C8-HSL threshold
behavior.

Because 3OC6-HSL, but not C8-HSL, participates in the
luxIR positive transcriptional feedback loop [37], these data
are consistent with the exogenous 3OC6-HSL triggering a
transient, self-sustaining excitation of 3OC6-HSL synthesis
and diffusion, like that modeled in [17]: the luxIR circuit is
induced in cells where 3OC6-HSL is added, causing them to
accelerate their own synthesis of 3OC6-HSL, which diffuses
outward to induce luxIR in nearby cells.

Figure 4(d) shows that the circuit responds quite abruptly
to exogenous 3OC6-HSL exceeding the threshold, although
the value of that threshold is only weakly dependent on n0.
The threshold is also apparent in the activation time ta, which
varies weakly with the size of the stimulus until the stimulus
falls below the threshold value. Below threshold ta rises to
the self-activation (endogenous HSL) value, more than 20 h
[Fig. 5(a)].

As Fig. 5(a) shows, the threshold behavior is observed in
both DMM and the complex medium SWTO, where growth
is more rapid. The threshold is pronounced in the defined
medium, where addition of exogenous 3OC6-HSL greater

FIG. 3. Spreading bioluminescence of V. fischeri, induced by the
addition of 50 pmol exogenous 3OC6-HSL at n0 = 1.4 × 106 cfu
cm−3. (a) Bioluminescence of strain CR5 after a 3OC6-HSL droplet
is deposited at the plate center r = 0 at t = 0. (b) Time-lapse images
of plates containing strains that possess (CR5, first and second
rows) or lack (CR6, third and fourth rows) a functional copy of
the gene (luxI) encoding the 3OC6-HSL synthase. In the second
and fourth rows, a droplet of 3OC6-HSL was added at the plate
center at t = 0. In the first and third rows, no 3OC6-HSL was added.
(c) Bioluminescence intensity of CR5 (left) and CR6 (right) versus
radial distance r and time t from the 3OC6-HSL droplet (bottom row:
droplet added; top row: no droplet).
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FIG. 4. Threshold behavior of the MJ11 response to exogenously
added 3OC6-HSL. Strain MJ11 at n0 = 1.4 × 104 cfu cm−3 in DMM
is supplied a droplet of 3OC6-HSL at the plate center. (a) Image
of plates at t = 26 h for different amounts (given in pmol) of
3OC6-HSL stimulus. (b) The luminescence intensity (luminescence
counts/mm2) at the plate center in response to different 3OC6-HSL
stimulus amounts. (c) The luminescence intensity (luminescence
counts/mm2) at the plate center in response to different C8-HSL
stimulus amounts. (d) Peak luminescence brightness versus the size
of 3OC6-HSL stimulus at high and low n0.

FIG. 5. Effect of initial population density n0, growth medium,
and added 3OC6-HSL on the time of response for strain MJ11.
Data for growth in defined medium (DMM–agarose) and complex
medium (c-SWTO–agarose) are shown. (a) Dependence of activation
time ta on the amount of 3OC6-HSL added at r = 0, t = 0 for MJ11
growing in DMM–agarose and c-SWTO–agarose at high and low
n0. (b) Threshold response of bioluminescence in DMM–agarose
(left column) and c-SWTO–agarose (right column) at n0 = 1.4 × 106

cfu cm−3. The amount of 3OC6-HSL added at r = 0, t = 0 was
(from top to bottom) 0, 0.2, 2, 20, 120 pmol. (c) Intensity difference
I (r, t ) − I (2 cm, t ) for MJ11 in c-SWTO, where the bioluminescence
far from the droplet is subtracted from each data set in the right
column of (b). The white dashed box in the bottom right panel of
(b) indicates the region subtracted in (c).
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FIG. 6. Simulation of quorum sensing activation of bacteria dispersed in an immobilizing medium. Bacteria secrete diffusible signal
[Eq. (2)] during growth [Eq. (1)]. Parameters are given in Sec. II. (a) At high initial population density n0 > 107 cells cm−3, the self-activation
time ta for the culture (in the absence of exogenously added signal) varies as ta ∝ − log n0. Behavior of ta at n0 < 107 cells cm−3 depends
on how the late exponential phase of growth is modeled. In an average n limiting model, where growth is limited by the spatial-averaged
population density, ta approaches a constant as individual clusters self-activate. However, ta diverges in a local N limiting model, where the
rate of growth (and signal synthesis) of an isolated cluster declines as that cluster becomes large. (b) Activation threshold for the quorum
circuit by exogenously added signal. Using n0 = 107 cells cm−3, different amounts of HSL signal are initially deposited at r = 0; the fraction
of cells activated is shown versus the spatially averaged population density n during growth. Activated cells are those for which the local signal
concentration exceeds the quorum threshold [C(r, t ) > C1] in Eq. (2). Individual curves are simulations for 20 different quantities of exogenous
HSL, logarithmically spaced from 3 × 10−14 to 3 × 10−11 mole, as indicated by the color bar. (c) Effects of doubling time td = ln(2)/k, signal
activation threshold C1, and initial population density n0 on the fraction of the population that is at quorum when n = 9 × 107 cm−3. The
simulation parameters (td = 1 h, C1 = 10 nM, n0 = 107 cm−3) used in the first simulation (diamond symbols) are modified in either td , C1, or
n0, as indicated for the subsequent simulations (upright and inverted triangles, and circles, respectively).

than about 1–3 pmol sharply decreases the activation time
[Fig. 5(a)] and qualitatively alters the profile of luminescence
vs (r, t) [Fig. 5(b)]. The complex medium SWTO must be con-
ditioned (Sec. II) in order for V. fischeri to respond to exoge-
nously added 3OC6-HSL [31,41]. In conditioned (c-SWTO)
medium, the spreading response to exogenous HSL is just
slightly faster than the self-activation of the plate: In Fig. 5(b)
the spatial temporal patterns of response in the c-SWTO
medium show no radial dependence in the absence of added
3OC6-HSL, but some radial dependence is seen when added
3OC6-HSL exceeds 1–2 pmol, indicating that an outwardly
spreading activation from r = 0 has been triggered. The
change in the spatial dependence of the bioluminescence at the
3OC6-HSL threshold in c-SWTO is more readily seen by sub-
tracting the r = 2 cm intensity from the intensity at (r, t), as in
Fig. 5(c).

To test our understanding of the observed transition in self-
activation time ta as n0 changes and the origin of the threshold
response, we numerically solved a simple model (Sec. II) for
quorum activation of randomly dispersed bacterial colonies
that communicate by diffusion [Eqs. (1), (2), and (3)]. In
the model the number of cells N at a site undergoes logistic
growth, Eq. (1), and each cell secretes HSL (of only one
type) at a maximum rate γ . However, the synthesis rate is
coupled both to the rate of growth and to the local HSL con-
centration [16], so that HSL production is subject to positive
feedback: HSL production is at basal levels when C 	 C1,
approaches its maximum rate γ if C 
 C1 and N 	 Nmax,
and declines as N → Nmax [Eq. (2)]. Here C � C1 defines the
activation threshold for the QS circuit.

Figure 6(a) shows the endogenous (no external HSL stim-
ulus) QS activation time (at which C = C1) obtained in
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simulations of the model. Two different cases for logistic
growth are considered. In the “local N limiting” case, growth
and HSL synthesis by a cell cluster diminish as the size
N of the cluster approaches the carrying capacity Nmax, as
in Eqs. (2) and (1). For low n0, this scenario causes HSL
synthesis by an isolated cell cluster to decline before the
cluster is able to activate its QS circuit. Consequently, ta
diverges at small n0; no self-activation is observed for n0 less
than about 3 × 106 cells cm−3.

Figure 6(a) also shows self-activation in an “average n
limiting” case, where it is the spatially averaged density 〈n〉
that limits growth and HSL synthesis. Equation (1) is modified
to

dN

dt
= kN

(
1 − 〈n〉

nmax

)
, (5)

and Eq. (2) for ∂Csynthesis∂t is modified similarly. For low n0

this model allows an isolated cell cluster to grow far larger
before its growth and HSL synthesis slow down.

In this average limiting case an isolated cluster comprising
N = exp(kt ) cells, each of physical size ∼a, can sustain a
quorum-activated state when its own synthesis of HSL is
sufficient to maintain a local HSL concentration exceeding
C1 despite the outward diffusing flux. This should be possible
when N reaches

4πC1DN1/3a � γ N, (6)

which occurs at time

ta � 3

2k
ln

4πC1Da

γ
, (7)

which is independent of n0. This is the self-sensing [4,15,16]
limit. Given our simulation parameters, Eq. (7) predicts a self-
sensing ta � 6 h, which is in agreement with the red points in
Fig. 6(a).

Using Eq. (7), we can estimate the self-sensing ta for real
MJ11. Equation (4) and the slope and intercept of Fig. 2
indicate that γ /C1 � 3.7 × 10−13 cm3 s−1 cell−1 for MJ11,
which predicts ta � 7/k = 7 h. This value is not in agreement
with the experimental Fig. 2, where ta diverges as n0 declines,
rather than approaching a constant. Therefore the behavior of
MJ11 is inconsistent with self-sensing. Arguably, the true ac-
tivation condition may be more stringent than Eq. (7) because
the local C must already exceed C1 in order for the maximum
HSL synthesis rate to be achieved. However, this hysteresis
effect should only delay, not prevent outright, the onset of
self-sensing.

The divergence of the measured ta at low n0 is better
captured by the local N limiting model [blue points in
Fig. 6(a)], suggesting that the self-limiting nature of bacte-
rial growth tends to prevent crossover from communicating
to self-sensing behavior as clusters become more isolated.
Presumably, in the real system at low n0, random variability in
cluster shape, proximity to neighbors and to the plate bound-
aries and surface, and stochasticity in the HSL response [41]
all increase the experimental variability in ta beyond what is
considered in the simulation.

The model also reproduces the experimentally observed
threshold response to an exogenous HSL stimulus. Figure 6(b)
shows a simulation of cells growing in a 0.4 × 0.4 cm2 region

(of thickness h = 10 μm) whose center is initially seeded
with a small droplet of diffusible HSL. The quorum fraction,
or proportion of cells that experience C(r) � C1, rises as the
population grows. If the amount of added HSL is small, the
quorum fraction initially rises until the droplet has diffused
outward and then falls until endogenous activation occurs.
For a larger stimulus, HSL production becomes immediately
self-sustaining, and the quorum fraction rises monotonically
with time. As a result the shape of the curves, especially near
n ∼ 3 × 107 cm−3, changes qualitatively as the HSL stimulus
is increased. When the quorum fraction is plotted as a function
of the stimulus size [Fig. 6(c)], a threshold effect is observed
much like that in Fig. 4(d).

A dimensional argument suggests that the amount m
(moles) of exogenous HSL required to trigger self-sustaining
HSL production in the model should depend on γ (the HSL
production rate per cell in moles s−1), the diffusion coefficient
D, and C1 (the HSL concentration threshold in moles cm−3)
as

m ∝ C2
1 D

γ
, (8)

where the proportionality constant (dimensions of L4) in-
volves n0 and geometrical factors like the agarose depth
and the size of the HSL droplet. The simulation results in
Fig. 6(c) are consistent with the C2

1 dependence in Eq. (8)
and also suggest, consistent with experimental data, that the
threshold is independent of the bacterial growth rate k and
fairly insensitive to n0. In the experimental data in Fig. 5(a)
even a 100-fold change in n0 had little effect on the threshold
(a few picomoles) in DMM or c-SWTO.

Overall, our data, together with simple simulations,
demonstrate that a propagating QS response in wild-type
V. fischeri occurs when an exogenous 3OC6-HSL stimulus ex-
ceeds a threshold value and is sustained by positive feedback
within the lux system. The data also indicate somewhat sur-
prisingly that in an unstirred bacterial community intercellular
communication through diffusion of the signal is sufficient
to synchronize quorum activation of isolated cell clusters,
even in very dispersed systems where the signal must diffuse
considerable distances between clusters.

IV. CONCLUSIONS

Despite the considerable interest in local signaling in QS
circuits, our data highlight the importance of longer range
diffusive effects in colonies of natural QS bacteria. The
spreading QS response observed in a V. fischeri colony is a
diffusive effect facilitated by positive feedback in HSL synthe-
sis, with a strongly nonlinear property that requires the initial
stimulus to exceed a sharp threshold. Notably, the ability of
the exogenous stimulus to induce a distinctly propagating
response is diminished as the quality of the growth medium
increases. Future studies will clarify what parameters define
the speed and duration of the response and how these affect
the ability of a spatially dispersed population to respond to
localized stimuli.

Our data also show that V. fischeri QS is characterized
by intercolony communication down to very low colony
densities. Setting aside murky questions of what an organism
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“intends” to detect using QS, there is a physical distinction
between the two limits of QS activation by intercolony com-
munication versus autonomous self-sensing by tight aggre-
gates of cells. In the former case the rate of diffusion is not
necessarily relevant to the activation timescale. In the latter
case efficient diffusion directly inhibits activation. Although
modeling of aggregates or clusters (e.g., 102) of cells dis-
persed across distances of 100 μm or greater [18,19] clearly
shows a role for spatial distribution and heterogeneity, the
rate of diffusion is not necessarily critical to these analyses,
and so these models have more in common with the com-
munication limit than the diffusion-controlled self-sensing
limit. Nevertheless, our data show that the bacterial growth
kinetics have a significant impact on quorum activation at
low population densities, an effect that is not always con-
sidered in modeling. It is interesting that the finite rate of
diffusion, which ultimately enables the self-sensing scenario,

also appears to prevent (because growth requires transport of
nutrients and waste products) that scenario from occurring.
At least in our experiments growth encounters the diffusion
limit just as intercellular communication begins to fail, so that
the transition away from intercellular communication is not
observed. Interestingly, the coincidence of nutrient or waste
product stresses with high local HSL concentration should
provide some clue to the individual cells that they are in a
highly aggregated, as opposed to highly populated, growth
environment. Thus the cells could potentially use the QS
circuit to distinguish between the two scenarios.
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