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The paradigm of bacterial quorum sensing (QS), which mediates
cell-density-dependent gene expression, usually has been studied
in high-cell-density planktonic liquid cultures or in biofilms in
which signal concentrations accumulate to sufficiently high levels
to induce QS. Presumably under conditions with restricted diffu-
sion of the signal molecule, smaller population sizes could achieve
such a state of QS induction. The plant-pathogenic bacterium
Pseudomonas syringae, in which QS controls traits involved in
epiphytic fitness and virulence, occurs on leaf surfaces in aggre-
gates of various sizes. Because leaves often harbor limited surface
water, we investigated the size of aggregates that would permit
QS in a nonsaturated environment. QS induction was visualized via
dual fluorescence of P. syringae cells harboring a transcriptional
fusion of mRFP1 with ahlI, which exhibits N-acyl homoserine
lactone-dependent transcriptional activity, and a constitutive GFP
marker to account for all P. syringae cells on a leaf. Confocal
microscopy revealed that, on wet leaves, no QS induction was
evident within 2 days after inoculation, but it increased rapidly
with increasing aggregate sizes >40 and 22 cells per aggregate by
3 and 4 days, respectively. In contrast, QS induction was common
in aggregates >33 cells by 2 days after inoculation on dry leaves
and increased rapidly with increasing aggregate sizes >35 and 13
cells after 3 and 4 days, respectively. These observations demon-
strate that small groups of cells experience QS conditions on dry
leaves where signal diffusion is restricted. Quorum size of bacteria
in non-water-saturated environments such as on leaves is small,
and QS induction may be commonly operative.
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Bacteria are able to sense cell population density via the
production and perception of small diffusible signal mole-

cules called autoinducers in a process termed ‘‘quorum sensing’’
(QS). The most studied process of QS involves the production of
N-acyl homoserine lactones (AHL) in Gram-negative bacteria.
At low cell densities, AHLs and an inactive form of the AHL
receptor/transcription factor usually are produced at low levels.
The local AHL concentration increases with population size as
diffusional losses are balanced by a higher number of producing
cells, resulting in AHL binding to the transcription factor. The
activated transcription factor then initiates transcription of
downstream genes, usually including the AHL synthase, resulting
in a positive feedback loop and activating QS (1). Density-
regulated genes vary among species and include those required
for virulence, antibiotic production, pigmentation, nodulation,
extracellular polysaccharide production, motility, and other pro-
cesses (1–7). Such traits are thus expressed only when cell
numbers increase in number to reach a so-called ‘‘quorum.’’

The question ‘‘How many cells constitute a quorum?’’ usually
has been addressed from the limited perspectives of cells either
growing planktonically in shaken cultures or growing in biofilms
in the presence of flowing liquids. The AHL signal concentration
and cell density at which autoinductive QS regulation occur in
broth cultures of several bacterial species has been described
(1–7). AHL signals readily diffuse away from cells in these typical
laboratory cultures, and it is required that they reach high
population sizes to reach the threshold AHL concentration for

QS to occur. Likewise, it has been shown that cells within
biofilms apparently accumulate a high level of AHL and undergo
QS induction sooner than cells at the periphery of biofilms in
flow cells where the AHL can be dissipated by diffusional losses
to the flowing liquid (8). In environments where the habitat is
water-limited or water content fluctuates, the activation of QS
would depend greatly on factors that control diffusional losses of
AHLs. Redfield (9) states that ‘‘demonstrations of QS in the
laboratory tells us nothing about the roles of autoinducers in
the natural environment. We instead need to ask whether the
regulation acts under natural conditions where QS is possible
and whether sufficient autoinducer is produced under these
conditions.’’ This concept, discussed by Redfield and others (1,
9, 10), has received little attention despite the extensive study of
QS in many species. Our study addresses this issue in such an
environment, the phyllosphere (11). Leaf surfaces are colonized
by a variety of bacteria that are exposed to dramatic changes in
environmental conditions such as water availability on which
signal accumulation would be expected to depend.

To examine environmental dependency of quorum size, we
have addressed the process of QS induction of the epiphytic
bacterium Pseudomonas syringae pv. syringae (Pss), the causal
agent of brown spot disease of bean and frost injury to plants
(12). Pss can multiply to high population sizes on the surface of
healthy leaves, and these large epiphytic populations precede
disease (13). Pss forms aggregates of various sizes while growing
on leaves, presumably in response to local differences in nutrient
availability on the leaf. Although much less common than
solitary cells or cells in small aggregates, large bacterial aggre-
gates (�100 cells per aggregate) account for the majority of the
cells on a leaf surface (14). Cells in large aggregates are more
resistant to environmental stresses such as desiccation than
solitary cells (15), suggestive of density-dependent behavior.

Pss mediates QS via its production of 3-oxo-hexanoyl-
homoserine lactone (3OC6-HSL) by the synthase AhlI and the
transcription factor AhlR (16, 17). QS positively regulates a
variety of traits in Pss such as exopolysaccharide (EPS) produc-
tion that contributes to its survival on leaf surfaces and nega-
tively regulates swarming motility and thus host invasion and
virulence (17–19). Because QS in Pss has been shown to increase
in planktonic cell cultures at high cell concentrations, we cannot
predict its QS-dependent behavior on leaves because it does not
occur as dispersed cells in this habitat. The spatial aggregation
of Pss cells in discrete cell assemblages of different sizes on leaves
raises the question as to what a functional community of cells of
this species is in such a natural habitat. That is, do cells in
aggregates of different sizes achieve a QS-induced state that
depends on the size of an individual cell aggregate, or does
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cross-talk caused by AHL diffusion enable proximal aggregates
to achieve a quorum? Likewise, does the presence of water films,
a common feature of leave surfaces, influence the number of
cells that must be present before QS is achieved? Thus, although
culture studies are informative, they do not enable the definition
of a QS-induced state in its natural habitat where diffusion of the
signal is restricted, as on a moist leaf surface. In this study, we
report the quorum size of Pss on leaves and the effects of water
availability the process of QS by using a whole-cell bioreporter
responsive to AHL.

Results
Development of a QS Biosensor for Use on Leaves. A whole-cell QS
bioreporter that harbors a gene encoding monomeric red fluo-
rescent protein (mRFP1) (20) fused to the AHL-responsive
promoter of ahlI (PahlI) to monitor the local accumulation of
AHL indicative of QS was engineered. This AHL-producing
biosensor (Pss strain B728a harboring plasmid pIRed) also
exhibited bright green fluorescence whose intensity was inde-
pendent of the amount of AHL produced by the strain or added
exogenously because of the expression of the constitutive Ptrp:gfp
marker gene to enable an accounting for all of the bioreporter
cells on a leaf and to distinguish it from other resident bacterial
epiphytes. Cells of Pss (pIRed) from a low-density culture (�107

cells per ml) in King’s B (KB) broth without added AHL
exhibited no red fluorescence in the absence of added 3OC6-
HSL, indicating a lack of significant AHL accumulation and
hence ahlI expression in the inoculum under these conditions.
These cells exhibited weak red fluorescence within 5 h when
3OC6-HSL was added to a concentration of 100 nM, indicating
a rapid response of PahlI to even low levels of AHL [supporting
information (SI) Fig. 3]. Bright red fluorescence above back-
ground was observed when concentrations of 3OC6-HSL of 1
�M or more was added. After 16 h, all cells were more than two
times more brightly red fluorescent than that seen within the 5-h
treatments because of production of 3OC6-HSL by Pss itself and
accumulation of mRFP1. Pss (pIRed) was as responsive to a
given amount of added AHLs as Pss (pBQ9) (data not shown),
a bioreporter harboring an PahlI:gfp reporter gene that was
described in ref. 16.

QS on Wet Leaves. Although Pss multiplied to large population
sizes on moist leaves within 24 h after inoculation, QS-dependant
expression of the fluorophore was not observed for 2 or more
days after inoculation. Because Pss survival and growth on leaves
is poor unless moisture is present soon after their deposition,
plants were kept in a humid environment for the first 24 h after
inoculation. Although a cell population size of Pss (pIRed) of
�105 cells per leaf was present initially after plant inoculation,
population sizes increased rapidly to �107 cells per leaf within
24 h of incubation in humid conditions where slight water
condensation was visible on the leaf surface. Leaf population
sizes increased insignificantly after 24 h under either wet or dry
conditions. When sprayed onto bean plants, Pss (pIRed) grew
normally compared with wild-type Pss. The number of cells of
Pss (pIRed) in aggregates on leaves was easily quantified as a
measure of green fluorescence, and the distribution of cells in
aggregates was similar to that observed (14). Most of the cell
aggregates observed (67%) consisted of 10 cells or fewer after 4
days’ incubation under humid conditions, and aggregates as large
as 2,475 cells were observed. Because of their large size, 70% of
the total observed epiphytic cell population occurred in aggre-
gates larger than 100 cells (SI Fig. 4A).

Cells of the Pss (pIRed) biosensor expressed sufficient red
fluorescence to visualize them on plants. Inocula of cells grown
only to low cell densities in culture exhibited no initial red
fluorescence on leaves but could be readily detected because of
their bright green fluorescence (Fig. 1 B and E). Likewise, most

solitary cells and small cell aggregates visualized on leaves within
a day of inoculation exhibited no red fluorescence (Fig. 1 A). In
contrast, cells of Pss (pIRed) in large cell aggregates that had
formed 2 or more days after inoculation exhibited bright red
fluorescence comparable to cells subjected to AHL concentra-
tions �1 �M in vitro (Fig. 1D). Although the leaf had a low red
autofluorescence, the use of confocal microscopy enabled clear
differentiation of red fluorescence of bacterial cells to be
differentiated from the background.

Only �0.31% of Pss (pIRed) cells exhibited red fluorescence
indicative of QS induction after 1 day’s incubation on wet leaves
(Table 1). Although a slightly higher proportion of cells exhibited
QS induction after incubation for 2 days on wet leaves (8.20%),
a high percentage of cells exhibited QS induction only by the
third and fourth day of incubation on wet leaves (86% and 90%,
respectively).

Fig. 1. The mRFP1-based biosensor for AHL expressed sufficient red fluo-
rescence for visualization of Pss (pIRed) on plants by confocal fluorescent
microscopy. (A–C) A small uninduced aggregate with a cell red pixel intensity
of 0. (D–E) A large aggregate exhibiting QS-regulated mRFP1 production with
a cell red pixel intensity of �42. A and D, red channel; B and E, green channel;
C and F, composite. The width of each panel is �34 �m.

Table 1. Proportion of QS-induced cells in the
Pss (pIRed) population

Day Wet, % Dry, %

1 0.31 0.40
2 8.20* 69*
3 86* 61*
4 90 65

*Values compared within that day are significantly dif-
ferent (P � 0.005) determined by a test of proportions.
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The frequency with which cells of Pss (pIRed) were QS-
induced on moist leaves was strongly influenced by the size of the
cell aggregate at a given incubation time. After only one day of
incubation on moist leaves, even cell aggregates as large as 2,000
cells did not exhibit QS induction as measured by red fluores-
cence (Fig. 2). Only a single aggregate (269 cells) exhibited QS
induction after 2 days of incubation. However, after 3 days of
incubation, QS induction of cells was more evident, and the cell
aggregate size at which QS induction was observed was progres-
sively smaller. The ‘‘QS induction point’’ of the cells under a
given condition was defined as the aggregate size at which the
numbers of fluorescent and nonfluorescent aggregates were
equal. Based on these criteria, the QS induction point for cells
on wet plants 3 days postinoculation was �40 cells (Fig. 2),
although at least a few QS-induced cell aggregates as small as 5
cells were observed. A similar distribution of aggregate sizes in
which QS induction had occurred was seen after 4 days’ incu-
bation. The QS induction point was �22 cells, and a few cell
aggregates as small as 4 cells were observed. No single cells were
observed to be QS-induced. In nearly all cases, all cells within a
cell aggregate on wet leaves exhibited the same QS status, being
either all induced or not (Fig. 2).

QS on Dry Leaves. The viable population size of Pss (pIRed)
remained high on leaves even after they were allowed to dry, and
QS-induced cells were observed much sooner after inoculation
and in smaller cell aggregates than on wet leaves. The distribu-
tion of aggregate sizes of Pss (pIRed) on leaves that were allowed
to dry after 24 h of incubation in wet conditions followed the
same pattern seen on leaves that remained wet for the entire
incubation period. The majority (69%) of the cell aggregates

observed were 10 cells or fewer in size. Although there were
fewer cell aggregates �100 cells in size than on wet leaves,
because of their relatively large size, �49% of the total popu-
lation was found in such large cell aggregates on dry leaves (SI
Fig. 3B). Approximately 65% of the total cell population oc-
curred in cell aggregates of 50 cells or larger. Only �0.4% of all
cells were QS-induced within 24 h of incubation under wet
conditions (Table 1). When the surface of the plants was
subsequently allowed to dry, a high proportion of all cells (69%)
became QS-induced within 24 h of drying. The proportion of
cells that were QS-induced remained high when incubated under
such dry conditions for an additional 24 or 48 h (61% and 65%,
respectively).

The QS induction of cells on dry leaves increased with both
time and the size of the aggregate in which they occurred. No QS
induction, even in cell aggregates as large as 2,000, cells was
observed after 24 h under wet conditions. However, when leaves
subsequently were dried, QS induction of cells was apparent
within 24 h. The QS induction point for cells that had dried for
24 h was 33 cells, whereas some aggregates as small as 16 cells
had become QS-induced (Fig. 2). After leaves had dried for 48 h,
the QS induction point was 35 cells (Fig. 2), and some aggregates
as small as 21 cells had become QS-induced. Further incubation
of cells on dry leaves further decreased the size of aggregates that
exhibited QS induction. After leaves had been dry for 72 h, the
QS induction point was 13 cells, and aggregates as small as 2 cells
exhibited QS induction. In no case, however, were single cells
observed to be QS-induced. As on wet leaves, all cells in an
aggregate usually had the same QS status suggestive of commu-
nication between the cells within that aggregate. Cells in very
small aggregates nearby (as close as 5 �m) large aggregates
usually did not share the same QS induction status.

Expression of Reporter Genes in Small Cell Aggregates on Leaves. As
�70% of the cell aggregates on both wet and dry leaves were 10
cells or fewer in size and thus may have been in microhabitats
with limited nutritional resources needed to provide the meta-
bolic ability to produce fluorescent reporter proteins, we deter-
mined whether such cells were capable of exhibiting a fluores-
cence phenotype if induced to do so. We determined the
metabolic responsiveness of cells on leaves by visualizing green
and red fluorescence of Pss (pVITIR, pBQ9RED), a reporter
strain harboring an AHL-inducible PahlI:mRFP1 gene fusion and
an iron-repressible Ppvd:gfp gene fusion. Inoculum of cells grown
under high iron conditions were repressed for GFP expression,
but when transferred to plants and incubated under both wet and
dry as above, many single cells and small cell aggregates became
brightly green fluorescent, which indicated that the cells expe-
rienced low iron conditions on the leaf, but more importantly, it
demonstrated that the cells in small aggregates were capable of
expressing reporter genes under these conditions on plants.

Discussion
This study was designed to determine not only the QS state of
cells of different aggregate sizes in a natural habitat but also the
extent to which factors such as the presence of liquid films would
affect the process of QS induction, leading to AHL accumulation
in cell aggregates on leaves. To investigate the process of QS by
Pss on leaves it was necessary to construct a dual f luorescent
reporter system including a constitutive GFP marker gene and an
AHL-inducible mRFP1 reporter gene. The Pss (pIRed) biosen-
sor was responsive to similarly low AHL concentrations as a
gfp-based biosensor (17) and thus sufficiently sensitive to detect
QS-induced cells in culture and on plants. The mRFP1-based
biosensor allowed us to use the more visible GFP as a consti-
tutive marker to account for all Pss cells growing on the leaf
surface, which is inherently red fluorescent.

Fig. 2. QS induction observed in Pss (pIRed) inoculated on bean leaves occurs
with increasing time and is affected by water availability. Each symbol repre-
sents a given cell aggregate observed by fluorescence microscopy on plants
incubated only under wet conditions (Left) or under dry conditions after the
first 24 h (Right). The vertical bars represent the QS induction point, that cell
aggregate size at which the proportion of red fluorescent (QS-induced) cell
aggregates and nonfluorescent aggregates are similar.
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The temporal process of QS in Pss on leaves was strongly
influenced both by the size of cell aggregates and by the
availability of water on leaves. Similar to observations in earlier
studies (14), the majority of cells were associated with large cell
aggregates, even though the numbers of large aggregates are
outnumbered by more solitary cells on leaves exposed to both
wet and relatively dry conditions. Cell aggregates were slightly
larger on plants exposed to prolonged wet conditions compared
with plants wet for only 1 day, probably because of the greater
availability of nutrients being leached from the plant. Both the
total population size of Pss on leaves and the size of cell
aggregates increased little after the first 24 h of incubation on
leaves, presumably because of a substantial reduction of avail-
able nutrients over time (21). Although large cell aggregates had
formed on leaves by 24-h incubation, little QS was apparent on
wet leaves for 48 h, although QS increased only quite rapidly
after this time (Fig. 2 and Table 1). Importantly, the cell
aggregate size needed to achieve a quorum decreased over time
under both wet and dry conditions. The minimum cell aggregate
size at which QS was operative was always smaller on dry leaves
than on wet leaves at a given incubation time. QS induction could
be observed in many aggregates as small as 10 cells by the fourth
day on dry leaves, whereas the by the fourth day of incubation
on wet leaves, QS induction was seldom seen in such small cell
aggregates. These results suggest that the AHL produced by Pss
slowly accumulated to a threshold concentration needed to
induce QS only many hours after cell aggregates had formed.
Furthermore, the time needed for signal accumulation was lower
under dry conditions, which presumably minimized the dissipa-
tion of the AHL away from the producing cells. It is unclear
whether QS induction would ever occur in the many small
aggregates on leaves under continuously wet conditions, because
the diffusional loss of AHLs might exceed their rate of produc-
tion. The finding that cell aggregates as small as two cells could
eventually undergo QS induction on dry leaves is strong evidence
that QS is a robust indicator of diffusional limitation as suggested
by Redfield and others (1, 9, 10). This concept has been
expanded further by Hense et al. (10) as an efficiency-sensing
hypothesis. This model unifies the traditional population size
concept of QS and that of diffusion sensing into a single process
that measures cell density, mass-transfer properties, and spatial
distribution to determine the efficiency by which AHL-
producing cells express extracellular products and exhibit proper
behavioral responses (10).

The nature of the leaf surface probably contributes to the
constraint of AHLs near the site of their production in cell
aggregates. The leaf surface is a hydrophobic habitat as the
cuticle is composed of cutin, cutan, and primarily cuticular
waxes: linear, long-chain aliphatic molecules. The 3OC6-HSL,
produced by Pss, a lipophylic species with a Mr of 135, would have
a relatively low mobility (10�3.8 k*) through the cuticle as
estimated by Buchholz et al. (22). Others have noted that the
mobility of polar compounds through the cuticle can increase up
to 3-fold after absorbance of water into cuticular waxes when the
relative humidity is increased from 0% to 100%, thereby in-
creasing leaching of solutes through the cuticle (23). Thus, AHLs
may be less likely to diffuse into the interior of plants through
relatively dry compared with wet leaves. Because surface water
availability both delayed the onset of QS in Pss and increased the
size of cell aggregates that were needed for it to occur, it seems
likely that AHL diffusion away from the producing cells is
primarily limited by water availability. AHL diffusion would be
expected both through the waxy cuticle into plant tissue and
laterally across the leaf surface in water films. Given that AHLs
are not appreciably volatile, the air–water interface of discon-
tinuous water droplets on leaves is another diffusional barrier.
Evaporation of AHL-containing droplets surrounding cell ag-
gregates on leaves also would increase the concentrations of

AHLs. Although studies have found that some plants can
produce AHL mimics and inhibitors (24, 25), no such com-
pounds capable of affecting the QS of Pss were observed from
bean leaves (26). Because the bean leaf surface is acidic from
proton excretion (27), the instability of AHLs in alkali pH would
not affect signal accumulation.

The apparent constraint of AHL movement on leaves con-
trasts with observations made in the rhizosphere. Studies of the
‘‘calling distance’’ between an AHL source strain and a biosensor
strain suggested that a single AHL source cell could produce
enough AHL to be perceived by adjacent cells on the root (28).
AHLs could be sensed as far as 78 �m from the nearest
producing microbe in the rhizosphere (28) and at concentrations
exceeding 40 nM (29) although most AHL was detected only
within a few micrometers of the producing strain. Because a
point source of AHL applied to roots could diffuse over entire
the root surface (possibly conducted by a mucoid matrix on the
root) and activate QS biosensor cells (29), it remains unclear
whether the sources of AHLs on colonized roots were only from
the nearest neighboring bacterial cell on the root and not from
nearby larger cell aggregates or multiple single-cell AHL
sources. In contrast, the heterogeneity of the available nutrients
and leaf topology contribute to a clustering of cells on the leaf
surface (14, 21), making the probability of interaggregate signal
perception low, especially so in dry diffusion-limited conditions.
Because we seldom observed solitary cells within 5 �m of larger
cell aggregates to have the same QS status of the aggregate,
especially under dry conditions, it appears that AHL-mediated
cross-talk occurs only under very limited distances on leaves and
the interaggregate signaling caused by spatial clustering as
modeled by Hense et al. (10) is uncommon on dry leaves.

Because QS controls a variety of traits in Pss that contribute
to epiphytic fitness and virulence, factors that influence QS
induction on leaves will contribute greatly to its behavior. EPS
production in Pss is positively regulated by QS (19). This
increased EPS production enables greater survival of epiphytes
under desiccating conditions on leaves (5, 19, 30, 31). Because
QS was induced much more rapidly and in smaller cell aggregates
on dry leaves than wet leaves, we would expect that such
decreases in water availability would lead to increased AHL
concentrations and thus QS-induced EPS production. Motility
also is an important behavior of Pss on leaves. QS suppresses
swarming in Pss B728a and QS-deficient strains invade leaves
more readily than wild-type strains, thereby causing a higher
incidence of disease (19). Nonmotile mutants of Pss are less able
to survive desiccation stresses on leaves, apparently because they
cannot access protected sites in or on the leaf surface (32).
Repression of swarming motility associated with AHL accumu-
lation upon drying of the leaf would allow Pss to conserve
resources invested in flagella or surfactants when movement is
not possible. Presumably it would be disadvantageous for Pss to
move away from sites where abundant resources existed, and
large cell aggregates that formed there would undergo QS and
thus suppress motility. The QS behaviors of Pss would thus tend
to cause its populations to be spatially aggregated because sites
favorable for growth and survival on leaves are uncommon.
High-velocity raindrops are required for increases in epiphytic
populations of Pss under field conditions (33) and facilitate their
emigration to neighboring leaves (34). Because the binding of
AHLs to QS regulators in bacteria can be reversible (35),
washing of leaves by rain should rapidly decrease the local
concentration of AHLs around epiphytic bacteria and disperse
the aggregated cells that are enclosed an EPS matrix, which
would enable cell motility and enhance exploration of the leaf
surface for nutrients and subsequent invasion of the leaf.

Although the phyllosphere is a unique environment in many
respects, the environmental conditions studied here that affect
QS in Pss are applicable to bacterial species residing in other
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spatially structured, non-water-saturated habitats. Bacteria in
nonhydrated environments such as soils also might be expected
to exhibit cell-density-dependent behaviors governed by QS at
small local spatial densities because they are found in small
water-filled pores that usually are discontinuous. The same also
may be true of oral biofilms that experience periodic liquid flow
and signaling is limited to separated cell clusters (36, 37). Animal
pathogens that use QS-dependent gene expression might be-
come QS-induced after being engulfed by macrophages. The
rapid environmental change from being suspended in large
volumes of plasma to transitioning into a small phagosome would
cause signal(s) to rapidly accumulate, as may be the case when
Staphylococcus epidermis up-regulates virulence, resistance, and
stress survival-associated genes when QS-induced (38). Simi-
larly, captured bacteria in the food vacuole of an amoeba would
be in a high spatial density and thus may enter a QS state, thereby
inducing traits for escape or survival from the would-be assailant.

Our studies support the suggestions of other studies that AHL
levels are highest under conditions in which the diffusion of this
signal molecule is constrained. Most previous studies of the process
of QS in culture or in natural systems have relied on estimations of
AHL concentrations from extractions of signal molecule from
whole communities and extrapolation to indicate the possibility of
QS, or by use of secondary signal biosensors. For example, because
many as 108 cells of the bacterial symbiont Vibrio fisherii can be
found within the light organs of an adult bobtail squid. This
community accumulates 3OC6-HSL to concentrations exceeding
100 nm, �40 times the concentration needed to induce QS induc-
tion and thus bioluminescence in liquid culture (39). The squid light
organ epithelial cells (35) and lung epithelial tissue (40) apparently
do not provide a complete barrier to diffusion of 3OC6-HSL and
yet signal may still accumulate in organs. AHL levels also have been
found in biofilms of Pseudomonas aeruginosa at concentrations of
1 mM, 1,000 times greater than those necessary to induce QS in
shaken cultures (41). The highest levels of expression of lasI,
indicative of AHL accumulation, were only seen within or near the
substratum of a biofilm and not at the periphery where AHLs might
be expected to be lost to the surrounding liquid milieu by diffusion
(8). Although Pss accumulates a maximal level of �400 nM
3OC6-HSL in broth culture (17), artificially produced aggregates of
Pss in small agar discs have been found to accumulate more than
nine times this amount of AHL (G.D. and R. Shepherd, unpub-
lished results). Such results all suggest that the process of QS
induction is enhanced when there is less diffusion of AHL signal
away from the producing cells.

Materials and Methods
Bacterial Strains and Culture Conditions. P. syringae pv. syringae B728a (42)
(hereafter called Pss) was maintained on KB medium (43) and grown at 28°C.
Escherichia coli DH5a and TOP10 (Invitrogen) strains used for routine cloning
were maintained on Luria media and cultured at 37°C. Concentrations of the
appropriate antibiotics used were 50 �g/ml kanamycin; 100 �g/ml rifampicin;
and 20 �g/ml spectinomycin.

Construction of AHL Reporter. The stable plasmid pIRed harboring both a mRFP1
reporter gene fusion and a gfp marker gene was constructed through the
following steps. The mRFP1 protein coding sequence was amplified from pRSETB
(20) with the primers 5�-AAGGATCATATGGCCTCCTCCGAGGACGTCATC-3� and
5�-GTTAACTTAGGCGCCGGTGGAGTG-3�. The 0.8-kb fragment was cloned into
pCR-Blunt II-TOPO (Invitrogen) and the sequence of mRFP1 determined by se-
quencing. The mRFP1 gene then was cloned into pBQ9 (17) as a NdeI–HpaI
fragment 3� of the ahlI promoter (PahlI), replacing most of the gfp gene present,
creating pBQ9RED. The PahlI:mRFP1 gene fusion was reamplified with the primers

5�-CAGCTCGAGCTGATCCTGGTGCGTGTGGGCATCGGC-3� and 5�-GCTCTCGAGT-
TAGGCGCCGGTGGAGTG-3� and then digested with XhoI. The resulting 1-kb PahlI

:mRFP1 XhoI fragment was ligated into the SalI site of pKLN42 containing the
Ptrp:gfp. Gene orientation was determined via sequencing and plasmid pIRed,
wherein the PahlI :mRFP1 and Ptrp:gfp gene fusion were divergent, was chosen.
Plasmid pIRed was introduced into Pss by electroporation as in other studies (17).
A second reporter strain was constructed by electroporation of the pBQ9RED
plasmid into Pss B728a (pVITIR), which contains an iron starvation inducible
Ppvd:gfp gene fusion (44).

QS Induction in Vitro. Pss harboring pIRed or pBQ9 were grown to a low cell
density of �107 cells per ml in KB broth, a cell concentration at which QS
induction has yet to occur. 3OC6-HSL dissolved in ethyl acetate was placed in
glass culture tubes, air-dried, and resuspended with KB broth to appropriate
concentrations. Tubes then were inoculated with Pss cells to a concentration
of 106 cells per ml. After 5 and 16 h of growth, samples were mounted on
ProbeOn Plus (Fisher Scientific) microscope slides with Aqua-Polymount (Poly-
sciences, Inc.). Cells were analyzed at �1,000 magnification on a Zeiss 510
UV/Vis Meta laser scanning confocal microscope. GFP fluorescence was visu-
alized by excitation using a single-line 488-nm laser and emissions filtered
with a 505- to 550-nm bandpass. The mRFP1 was excited with a single-line 543
laser, and emissions were collected with filters set to a 560- to 615-nm
bandpass.

Microscopy of Cells on Leaves. QS-uninduced cells of Pss (pIRed) or Pss (pVITIR,
pBQ9RED) were grown to a low cell density (107 cells per ml), harvested by
centrifugation, and resuspended in 1 mM potassium phosphate buffer to a
final concentration of 106 cells per ml. QS-induced cells of Pss (pVITIR,
pBQ9RED) were grown to high cell density on 10 �M FeCl3 KB agar, harvested
by centrifugation, and resuspended in 1 mM potassium phosphate buffer to
a final concentration of 106 cells per ml. The appropriate suspension (�1
ml/plant) then was sprayed onto leaves of 14-day-old bean plants (Phaseolus
vulgaris cv. Bush Blue Lake 274). Plants then were placed in a humid chamber
at room temperature (�28°C) and periodically exposed to a fine mist of water
to maintain high relative humidity (�100% R.H.) wherein a fine film of water
condensation was apparent on the leaf surface. Artificial light was maintained
for 16-h periods within the 24-h cycle. After 24 h, plants either were taken out
of the chamber and allowed to dry at ambient R.H. (�60% R.H.) or remained
in the humid chamber.

At various times after inoculation, 1-cm square sections of the primary
leaves were sampled and mounted on glass slides with a Whatman paper base
with Aqua-Polymount (Polysciences, Inc.). Bacterial cells were analyzed at
�1,000 magnification on a Zeiss 510 UV/Vis Meta laser scanning confocal
microscope. The leaf surface was scanned for green fluorescent cells indicating
the presence of the gfp marker gene. GFP fluorescence was visualized by
excitation using a single-line 488-nm laser, and emission was collected with
filters set to a 505- to 550-nm bandpass. The AHL-induced mRFP1 was excited
with a single-line 543 laser, and emissions were collected with filters set to a
560- to 615-nm bandpass to block plant autofluorescence, specifically chloro-
plast fluorescence at wavelengths �615 nm. Multiple z-section scans acquired
at 1 �M increments were taken of large cell aggregates. The size of large
three-dimensional aggregates of GFP-expressing cells was determined by the
estimation of the area of an aggregate within a single z section divided by the
area of a single cell, and then results of multiple z sections were added to
estimate the total population size of the entire aggregate.

Statistical Analysis. A test of proportions was performed by using R 2.5.0 (Free
Software Foundation, Inc.) to determine the significance (P � 0.005) of the
proportions of QS-induced cells on plants exposed to different humidity
treatments. Descriptive statistical analysis were performed by using Statistica
(Statsoft Inc.).
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