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Since N-acyl homoserine lactones (AHLs) are key mediators of cell density-dependent regulation of
traits involved in virulence and epiphytic fitness in gram-negative bacteria such as Pseudomonas syringae,
a variety of plant species were examined to determine their production of leaf surface compounds that
could interact with these signaling systems. Leaf washings of 17 of 52 plant species tested stimulated or
inhibited AHL-dependent traits in at least one of the bacterial reporter strains used. The active com-
pounds from most plants could be distinguished from known AHLs due to different patterns of mobility
during C8 and C18 reverse-phase thin-layer chromatography (TLC) and normal-phase TLC compared to
the patterns for authentic bacterial AHLs. All plant extracts were also tested to determine their abilities
to sequester iron and trigger bacterial siderophore synthesis on a medium containing abundant iron. Leaf
washings from 16 of the 52 plant species, as well as tannic acid solutions, stimulated pyoverdine synthesis
in P. syringae in a high-iron medium. These preparations also inhibited the growth of a P. syringae mutant
unable to produce pyoverdine siderophores but not the growth of the wild-type bacterium. The stimulation
of siderophore production and the growth inhibition by plant extracts and purified tannins were both
reversed by addition of ferric chloride to culture media, indicating that iron was made unavailable by the
compounds released onto the leaf surface.

Leaf surfaces support the development of large populations
of bacteria, called epiphytes, that can have both beneficial and
detrimental effects on plant productivity. Most plant-patho-
genic bacteria, such as Pseudomonas syringae, multiply on the
surface of healthy plants before they initiate disease (3, 16, 19).
The probability of foliar bacterial diseases is strongly corre-
lated with the size of the epiphytic population of phytopatho-
genic bacteria on healthy plants (17). Thus, the epiphytic phase
of these pathogens can be considered the first step in the
infection process. Other deleterious bacteria, such as ice-nu-
cleation-active (Ice�) strains of P. syringae, Erwinia herbicola,
Pseudomonas fluorescens, and Xanthomonas campestris that
can catalyze damaging ice formation on frost-sensitive plants at
temperatures as high as �2°C, are also common on plants (18).
Conversely, non-ice-nucleation-active bacteria can exclude
Ice� strains by a preemptive competitive exclusion process (18,
19). Auxin-producing bacteria are also common epiphytes and
can alter the normal development of the plants on which they
live (20). Thus, factors that affect the sizes of the populations
of such epiphytes are important in dictating plant health.

The leaf surface is the first point of contact between immi-
grant microorganisms and plants, and it might be expected that
plants and bacteria have evolved a variety of adaptations that
enable them to coexist in a continuously changing environment
(1). P. syringae cells apparently use chemical and physical sig-
nals on the plant surface to coordinate their responses to the
plant, such as induction of virulence gene expression and ex-

pression of a variety of genes involved in epiphytic fitness (26,
31). Likewise, plants might be expected to produce a variety of
compounds to defend against microbial colonization. Such
processes have been addressed primarily after invasion of the
plant, and little is known about preexisting defenses that plants
might mount on the leaf surface. However, there have been a
few reports of antimicrobial compounds and proteins secreted
onto the surfaces of plants (17, 45).

P. syringae exhibits strong cell density-dependent behaviors
on plants that affect both its epiphytic fitness and virulence (37,
38). Coordinated expression of bacterial traits in a cell density-
dependent fashion, often referred to as quorum sensing (QS),
is now recognized as a common process in bacteria in a variety
of habitats, including on and in plants (36, 50, 53). Bacterial
traits such as bioluminescence, antibiotic production, sid-
erophore production, pigment formation, motility, extracellu-
lar polysaccharide production, and virulence, as well as other
traits, are controlled when bacteria reach a sufficiently high
population density via similar quorum-sensing mechanisms in-
volving the production of small diffusible signal molecules (36,
41, 50, 53). The most common chemical signals used by bac-
terial cells are N-acyl homoserine lactones (AHLs) (36, 51, 53).
The quantity of AHLs increases as the bacterial population
density increases, and AHLs serve as coinducers along with
cognate transcriptional regulators to coordinate the expression
of specialized sets of genes. In different bacterial species the
length of the N-acyl side chain of AHLs (4 to 14 carbon atoms),
the presence of an acyl C3 substituent (oxo- or hydroxy), and
the degree of saturation are different. Cha et al. (4) found that
60 of 106 strains representing seven genera of gram-negative
plant-associated bacteria that were tested produced AHLs.
Quorum sensing contributes to the virulence of plant-patho-
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genic bacteria (9, 36, 51), as well as to the epiphytic phase
of bacteria on healthy plants (37, 38) and interactions between
bacteria on plants (32, 35, 36), suggesting that a wide range of
bacterial traits mediating plant-bacterium interactions are reg-
ulated by cell density. The finding that QS can be disrupted by
other organisms, such as bacteria (29, 32, 35), fungi (40), and
algae (2, 14, 48), raised the question of whether higher plants
use such a strategy to defend themselves against bacteria. In an
initial study, Teplitski et al. (49) found that roots of seedling
pea, soybean, rice, tomato, crown vetch, and Medicago trunca-
tula plants secrete compounds that stimulate specific AHL
reporters, while roots of pea and crown vetch plants secrete
compounds that inhibit AHL-regulated traits. This work was
expanded in a subsequent study that showed that Medicago
produces a wide variety of compounds, apparently unrelated to
AHLs, that can affect bacterial gene expression (13), although
the chemical identity of these compounds has not been re-
ported yet. More recently, it was reported that extracts of garlic
also could alter autoinduction in Pseudomonas aeruginosa (39).
In a study that revealed additional complexity of plant-microbe
interactions, exogenous bacterial AHLs were shown to cause
numerous changes in the patterns of gene expression in M.
truncatula (27), suggesting that plants have evolved mecha-
nisms to recognize bacterial AHLs as signature molecules and
mount defensive responses. It seems likely that it is common
for plants to interfere with the coordinated expression of vir-
ulence or other deleterious traits by either blocking or inap-
propriately stimulating QS (5, 6). Indeed, transgenic plants
that express bacterial AHLs have altered responses to patho-
genic bacteria. In most but not all cases such plants apparently
prematurely induce the expression of bacterial virulence traits
that otherwise would be expressed only when cell densities are
high at later stages of the infection process in plants (12, 25,
50). Apparently, most plants mount a defense against bacterial
pathogens only after they recognize AHLs directly, or they
mount a defense indirectly after they recognize virulence fac-
tors that are expressed only upon AHL production in bacteria
(2, 42). It therefore could be expected that plants defend them-
selves against deleterious bacteria by producing compounds
that interfere with the QS system of bacteria. There has been
much interest in developing new strategies for plant disease
control based on altering the quorum-sensing process in plants
(2, 5, 12, 42). While compounds that do this have been found
in roots, there has been no description of such a phenomenon
on the foliar parts of plants apart from a limited survey per-
formed by McLean et al. (29), who tested leaf fragments from
50 terrestrial or aquatic plants directly using an agar overlay of
the biosensor organisms. This assay was not designed to detect
compounds found principally on the surface rather than the
interior of leaves and did not reveal the presence of com-
pounds that interfered with quorum sensing in any plant spe-
cies (29). Given that the initial interaction between microbes
and plants is on the plant surface, we focused on materials that
could be washed off leaves of a variety of plants with a gentle
extraction technique and examined their capacity to interact
with the QS signaling systems in different bacteria in this study.

In addition to organic compounds that could affect the be-
havior of bacteria upon migration to a leaf, inorganic com-
pounds, such as iron, play an important role in microbial be-
havior. Iron availability profoundly affects gene expression in

prokaryotes and thus can regulate antagonistic interactions
among different microorganisms on plant surfaces and in the
rhizosphere due to its control of secondary metabolite biosyn-
thesis (22, 33). For example, iron availability influences the
abundance of antibiotics and other toxic compounds made by
Pseudomonas species (7, 8, 15, 33). Iron is also essential for
expression of the phytopathogenicity of a variety of plant-
pathogenic bacteria, such as Erwinia chrysanthemi and Erwinia
amylovora (10). Under iron-limiting conditions most microbes
produce siderophores and corresponding membrane receptors
for iron acquisition (22, 33). Pseudomonas species typically
produce yellow-green fluorescent siderophores, (pyoverdines
or pseudobactins) having a high affinity for iron in order to
acquire it in environments in which the abundance of this
element low (22). Iron levels are apparently rather low on
many plants (24), and pyoverdines therefore can inhibit the
growth of neighboring cells by sequestering iron as ferric-
pyoverdine complexes (8, 22). Since limiting iron availability
with strong iron chelators is a general mechanism of bacterial
disease control in animals (21, 52), it might be expected that at
least some plants could also limit the size of the population of
deleterious microbes by a process that makes iron unavailable.
While it has been reported that defense of some plants may be
enhanced by polyphenols that keep iron away from the mi-
crobes (30), iron sequestration by plants has received very little
attention.

In this study we explored plant production of compounds
that interfere with QS on leaf surfaces. In this study we also
discovered that some plant species produce compounds that
are powerful chelators of iron. We thus also describe the iron
sequestration capabilities of leaf surface compounds from a
variety of plant species and their effects on the growth of
isogenic strains of P. syringae differing in the ability to produce
siderophores.

MATERIALS AND METHODS

Plant material. Plant samples were collected from the University of California,
Berkeley, Botanical Garden and from the UC Berkeley campus. Some plants
were also grown from seed in a greenhouse. Fifty-two plant species representing
major plant families, as well as a few plant species that are hosts of bacteria in
which quorum sensing is known to occur (9), were selected. To ensure that
compounds isolated from leaf surfaces were of plant origin and not of leaf-
associated bacterial origin, six of the plant species tested that exhibited AHL
mimic activity when field-sampled tissues were examined were retested after they
were grown aseptically in a greenhouse. Ipomoea purpurea, Passiflora incarnata,
Salvia mexicana, Alyssum maritimum, Oxalis pes-caprae, and Brassica napus were
cultivated either using surface-sterilized seeds (soaked in 10% chlorine bleach
for 10 min) or using surface-sterilized cuttings grown in MS medium or sterilized
soil.

Leaf surface compounds were recovered immediately after sampling as fol-
lows. Five grams of intact leaves was washed with a 1:1 mixture of methanol and
water for 30 min with gentle agitation. No obvious plant damage or solvent
infiltration occurred during this process. The plant material was then removed,
and samples were filter sterilized (pore size, 0.2 �m) and tested for bacterial
contamination. Uncontaminated samples were condensed to dryness in a rotary
evaporator, resuspended in 1 ml of 50% methanol in water, and again concen-
trated to a final volume of 300 �l using a rotary vacuum evaporator. Samples
were then kept at 4°C until they were used.

Bacterial strains and culture conditions. The following four AHL indicator
organisms were used: Chromobacterium violaceum strain CV0blu, which is a
derivative of wild-type strain ATCC 31532, which is deficient for production of
N-hexanoyl-L-homoserine lactone (N-hexanoyl-L-HSL) (47); Agrobacterium tu-
mefaciens strain NT1(pSVB33, pJM749), which lacks the Ti plasmid and thus is
deficient for production of AHL and which harbors a traG::lacZ fusion (44); P.
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syringae strain B728a, which produces 3-oxo-hexanolyl homoserine lactone; and
P. syringae strain BHSL, which is an isogenic mutant of strain B728a which is
deficient for AHL production (37). Both P. syringae strains harbored an ahlI::gfp
fusion on plasmid pBQ9 (37). All strains were stored at �80°C in 15% glycerol.
C. violaceum CV0blu was grown on L� agar containing chloramphenicol (10
�g/ml) and tetracycline (15 �g/ml). A. tumefaciens NT1(pSVB33, pJM749) was
grown at 28°C on LA agar with kanamycin (50 �g/ml) and carbenicillin (100
�g/ml). The P. syringae indicator strains were grown on KB containing rifampin
(100 �g/ml) and spectinomycin (20 �g/ml). P. syringae strain B728a I-1 was a
nonfluorescent mutant of strain B728a (23) and was cultured on KB containing
rifampin and kanamycin at 28°C.

Bioassays for detection of compounds that interfere with AHL from plants. C.
violaceum CV0blu was used to detect both stimulation and inhibition of AHL-
regulated violacein biosynthesis. Stock cultures were grown in LB overnight at
28°C. Five hundred microliters of a culture containing about 1 � 109 to 2 � 109

bacteria was pelleted by centrifugation and resuspended in 5 ml of warm LA
medium containing 0.5% agar. To test whether plant extracts stimulated viola-
cein synthesis, the inoculated soft agar overlay was poured directly on the surface
of regular LA agar plates, and sterile paper disks treated with 10 �l of the plant
extract were then placed on the agar. The plates were incubated for 18 to 24 h
at 28°C. Violacein production, easily visualized as a purple pigment around the
disks, was considered evidence of AHL-like activity in plant extracts. To test
whether the extracts inhibited violacein production, 50 nmol N-hexanoyl-L-HSL
was added to the soft agar overlay before it was poured onto the surface of the
bioassay plate; a colorless halo surrounding disks on an otherwise purple plate
was considered evidence of inhibition of AHL signaling.

A. tumefaciens NT1(pSVB33, pJM749) was used to detect both stimulation
and inhibition of AHL-regulated �-galactosidase activity. This strain was cul-
tured in M9 minimal broth until early stationary phase was reached (1 � 109 to
2 � 109 cells/ml) and then was inoculated into M9 minimal medium soft agar
supplemented with 60 �g/ml 5-bromo-4-chloro-3-indolyl �-D-galactopyranoside
(X-Gal). Five milliliters of the warm overlay was poured on top of 20 ml of
regular M9 agar in each plate. Paper disks to which the plant extracts were
applied were placed on top of the solidified overlay as described above. The
plates were then incubated for 24 to 48 h at 28°C, and �-galactosidase activity,
visualized as a blue pigment around disks, was considered evidence of AHL-like
activity in plant extracts. To test whether plant extracts inhibited AHL-mediated
�-galactosidase activity, 50 nmol N-octanoyl-L-HSL was added to the soft agar
overlay; a colorless halo surrounding disks on an otherwise blue plate was
considered evidence of inhibition of AHL signaling.

P. syringae BHSL(pBQ9) was used to detect N-oxohexanoyl-L-HSL-induced
production of green fluorescent protein (GFP), and strain B728a(pBQ9) was
used to detect plant inhibition of AHL-dependent GFP fluorescence in this
strain. A plant extract was tested with both indicator strains on the same LA agar
plate. One sterile paper disk treated with 10 �l of the extract was placed on the
agar at the center of the plate, and 10-�l portions of the two P. syringae indicator
strains grown in LB broth to densities of about 109 cells/ml were streaked in lines
perpendicular to each other on opposite sides of the paper disk. The plates were
incubated for 18 to 24 h at 28°C, and GFP fluorescence was visualized using a
Zeiss SV11 stereoscope equipped with a Kramer epifluorescence/Optronix Color
DEI450 system. Green fluorescence limited to cells of P. syringae BHSL(pBQ9)
was considered evidence of the presence of AHL-like molecules in plant extracts,
while a lack of green fluorescence in otherwise green fluorescent cells of
B728a(pBQ9) was considered evidence of inhibition of AHL-mediated signaling
in P. syringae. A diffusible yellow-green fluorescence around streaks of either
strain on LA agar was considered evidence of the presence of plant factors that
induced siderophore production in P. syringae.

Thin-layer chromatography. Plant extracts that showed stimulation or inhibi-
tion of the bioreporters were analyzed further by thin-layer chromatography
(TLC). Both C18 and C8 reverse-phase TLC plates, as well as silica gel plates,
were used for chromatographic analysis.

Extracts (1 to 10 �l) were applied to C18 or C8 reverse-phase TLC plates,
which were then developed with methanol-water (60:40) as previously described
(44). Normal-phase TLC analysis was performed with samples applied to silica
gel plates and developed with a mixture containing dichloromethane, methanol,
and water (70:30:3). After the solvent was evaporated, the plates were overlaid
with fresh cultures of the appropriate indicator strain [C. violaceum CV0blu or A.
tumefaciens NT1(pSVB33, pJM749)] in soft agar at 40°C with and without ap-
propriate AHLs and X-Gal as described above. As a control, a mixture contain-
ing 7.5 nmol of C12-HSL, 6 nmol of C10-HSL, 2 nmol of C8-HSL, 0.01 nmol of
oxo-C8-HSL, and 0.2 nmol of oxo-C6-HSL was spotted onto TLC plates that
were overlaid with A. tumefaciens NT1(pSVB33, pJM749), and a mixture con-
taining 2 nmol of C8-HSL, 0.1 nmol of oxo-C6-HSL, 0.05 nmol of C6-HSL, and

4 nmol of C4-HSL was spotted on plates that were overlaid with C. violaceum
CV0blu. Pea seedling root extract, recovered as described by Teplitski et al. (49),
was also chromatographed on each TLC plate as a positive control. After the
agar overlays were solidified, the TLC plates were incubated for 18 to 36 h at
28°C in a sealed container to prevent evaporation and contamination. �-Galac-
tosidase and violacein were visualized as described above.

Siderophore biosynthesis. The growth of and diffusible pigment production by
P. syringae strain B728a and isogenic siderophore mutant strain I-1 were com-
pared by streaking 106 to 107 cells/ml of the two strains perpendicular to each
other on LA agar on opposite sides of a paper disk treated with 10 �l of a plant
extract as described above. The plates were incubated for 24 to 48 h at 28°C, and
siderophore production by B728a was quantified by determining the distance
from the disk to the distal extent of yellow-green fluorescence visualized under
UV light. Iron-dependent inhibition of growth of P. syringae by plant extracts was
determined by a lack of growth of strain I-1 but not of strain B728a in the vicinity
of the disk. As a positive control, paper disks with different concentrations of
tannin (10�3 to10�2 �) were used, while paper disks impregnated with both
plant extract and different concentrations of FeCl3 (10�5 to10�3 M) were used
to verify the iron dependence of growth inhibition.

RESULTS

Stimulation and inhibition of bacterial QS by leaf surface
compounds. We used a variety of bacterial reporter strains to
detect compounds obtained from leaf surfaces that interfered
with AHLs based on their high levels of sensitivity, as well as
their different responses to various N-acylated derivatives of
HSL. To detect a wide range of different molecules, we used (i)
A. tumefaciens NT1(pSVB33, pJM749), which responds to C6-
to C12-alkanoyl, 3-oxo-alkanoyl, and 3-hydroxy-alkanoyl side
chain HSLs by expressing �-galactosidase activity; (ii) C. vio-
laceum CV0blu, which responds positively to the presence of
short (C4 to C8) alkanoyl or 3-oxo-alkanoyl side chain HSLs
by producing violacein (the QS of this strain is also inhibited
by the presence of long N-acyl side chain [C10 to C14] HSLs,
thus blocking violacein production in the presence of a
stimulator [N-hexanoyl-L-HSL in our studies]); (iii) P. syrin-
gae BHSL(pBQ9), which responds to N-(3-oxo-hexanoyl)-L-
HSL by expressing GFP fluorescence; and (iv) P. syringae
B728a(pBQ9), which exhibits GFP fluorescence at high cell
densities unless it is inhibited by another compound.

The �-galactosidase activity of A. tumefaciens NT1(pSVB33,
pJM749) was stimulated by 11 of the 52 plant species tested.
Leaf surface extracts from I. purpurea, P. incarnata, Bougain-
villea sp., Agapanthus africanus, Vicia faba, S. mexicana, Angel-
ica archangelica, Romneya trichocalyx, Erigeron glaucus, A.
maritimum, and O. pes-caprae all strongly stimulated QS in A.
tumefaciens (Table 1). In contrast, when N-(octanoyl)-L-HSL
was added to test plates, leaf surface extracts from Clematis
vitalba, Geranium molle, Pisum sativum (seedling roots), and
Tropaeolum majus inhibited the �-galactosidase activity of this
indicator strain.

Leaf surface extracts from only A. africanus and S. mexicana
stimulated violacein production in C. violaceum CV0blu. How-
ever, when N-hexanoyl-L-HSL was added to test plates, ex-
tracts from seven plant species inhibited violacein production.
A leaf surface extract from P. incarnata, as well as extracts from
seedling roots of P. sativum, strongly inhibited violacein pro-
duction, while R. trichocalyx, A. maritimum, Ruta graveolens, B.
napus, and P. sativum leaf surface extracts caused slight inhi-
bition of QS (Table 1 and Fig. 1).

None of the leaf surface extracts stimulated GFP fluores-
cence in P. syringae BHSL(pBQ9), while a plant species be-
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longing to the family Labiatae strongly inhibited GFP fluores-
cence in P. syringae B728a(pBQ9).

Compounds on the leaves of some plant species both inhib-
ited growth and interfered with QS in bioreporter strains (Ta-
ble 1). Growth inhibition caused by substances in plant extracts
was apparent as a clear zone around a paper disk where no
bacteria could be recovered. This zone was usually much

smaller than the zones where there was altered �-galactosidase
activity or violacein production, indicative of interference of
QS, suggesting that the antimicrobial activities did not obscure
detection of activities that interfered with QS in the extracts. In
fact, both activities were detected in extracts from Arbutus
unedo (Table 1). In this case, growth inhibition was evident as
a small clear zone, while inhibition of both violacein produc-

TABLE 1. Stimulation and inhibition of AHL-regulated phenotypes of the bioreporters A. tumefaciens NT1(pSVB33, pJM749), C. violaceum
CV0blu, P. syringae B728a(pBQ9), and P. syringae BHSL(pBQ9) by extracts from 52 plant species

Plant Family

Bioreporter strains

NT1 CV0blu B728a
inhibition

BHSL
stimulationStimulation Inhibition Stimulation Inhibition

Prunus laurocerasus Rosaceae � � � � � �
Heteromeles arbutifolia Rosaceae � � � � � �
Raphyolepis indica Rosaceae � � � � � �
Nerium oleander Apocynaceae � � � � � �
Trachelospermum jasminoides Apocynaceae � � � � � �
Capsicum annuum Solanaceae � � � � � �
Nicotiana tabacum Solanaceae � � � � � �
Ipomoea purpurea Convolvulaceae � � � � � �
Clematis vitalba Ranunculaceae � � � � � �
Pelargonium odoratissimum Geraniaceae � � � � � �
Geranium molle Geraniaceae � � � � � �
Hedera helix Araliaceae � � � � � �
Passiflora incarnata Passifloraceae � � � � � �
Bougainvillea sp. Nyctaginaceae � � � � � �
Rhus laurina Anacardinaceae �a �a �a �a � �
Cynoglossum amabile Boraginaceae � � � � � �
Agapanthus africanus Liliaceae � � � � � �
Amorpha fruticosa Fabaceae � � � � � �
Pisum sativumb Fabaceae � �/� � �/� � �
Acacia sp. Fabaceae � � � � � �
Phaseolus vulgaris Fabaceae � � � � � �
Vicia faba Fabaceae � � � � � �
Salvia karwinskii Lamiaceae � � � � � �
Salvia mexicana Lamiaceae � � � � � �
Sedum spectabile Crassulaceae �a �a �a �a � �
Angelica archangelica Apiaceae � � � � � �
Foeniculum vulgare Apiaceae � � � � � �
Romneya trichocalyx Papaveraceae � � � � � �
Camellia sp. Theaceae � � � � � �
Erigeron glaucus Asteraceae � � � � � �
Heterotheca mucronata Asteraceae � � � � � �
Ajania pacifica Asteraceae � � � � � �
Unknown Labiatae � � � � � �
Picea morrisonicola Pinaceae � � � � � �
Phillyrea angustifolia Oleaceae � � � � � �
Olea europaea Oleaceae � � � � � �
Comarostaphylis glaucescens Ericaceae �a �a � � � �
Arbutus unedo Ericaceae �a �a �a �a � �
Cistus incanus Cistaceae �a �a �a �a � �
Hibiscus schizopetalus Malvaceae � � � � � �
Eucalyptus resinifera Myrtaceae �a �a �a �a � �
Myrica rubra Myricaceae � � � � � �
Brassica napus Brassicaceae � � � � � �
Alyssum maritimum Brassicaceae � � � � � �
Barbarea vulgaris Brassicaceae � � � � � �
Ruta graveolens Rutaceae � � � � � �
Festuca californica Poaceae � � � � � �
Zauschneria epilobium Onagraceae �a �a �a �a � �
Blechnum spicant Blechnaceae � � � � � �
Oxalis pes-caprae Oxalidaceae � � � � � �
Monnina xalapensis Polygonaceae �a �a �a �a �a �a

Tropaeolum majus Tropaeolaceae � � � � � �

a Plant extract inhibited the growth of the bioreporter.
b P. sativum seedling root extracts and leaves of a mature plant exhibited different activities.
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tion and �-galactosidase activity was apparent because of a
much larger secondary zone around the paper disk (Fig. 2).

To verify that the AHL mimics in these plants were of plant
origin and not associated with the small number of epiphytic
bacteria present on the leaves of the field-grown plants at the
time of assay, we propagated six plants of the 11 plant species
that exhibited such activity under axenic conditions in a green-
house and retested them for AHL mimic activity. Leaf surface
extracts from axenically grown I. purpurea, P. incarnata, S.
mexicana, A. maritimum, O. pes-caprae, and B. napus all had
effects on the A. tumefaciens NT1 bioreporter similar to the
effects of the extracts from field-grown plants, indicating that
the AHL mimics were of plant origin.

TLC analysis of plant extracts. In order to gain some insight
into the nature of the leaf surface compounds that stimulated
or inhibited bacterial QS, extracts were fractionated using a
variety of thin-layer chromatography conditions before bioas-

says were performed in an attempt to distinguish the com-
pounds from known bacterial AHLs. Extracts were subjected
to both C18 and C8 reverse-phase TLC, and the TLC plates
were overlaid with either A. tumefaciens NT1(pSVB33,
pJM749) or C. violaceum CV0blu in bioassays similar to the
bioassay used in the original agar plate screening analysis. A
compound in extracts from leaf surfaces of S. mexicana and A.
africanus that stimulated QS in A. tumefaciens migrated in a
manner similar to that of N-octanoyl-L-HSL in both C18 and C8

reverse-phase TLC (Fig. 3). A compound in leaf surface ex-
tracts from these two plant species that also stimulated QS in
C. violaceum also migrated in a manner similar to that of
N-octanoyl-L-HSL. Compounds that stimulated QS in A. tu-
mefaciens in extracts from R. trichocalyx, I. purpurea, A. arch-
angelica, P. incarnata, A. maritimum, E. glaucus, and O.
pes-caprae migrated only slightly from the origin, unlike all of
the AHLs except those with very long acyl side chains (Fig. 4).

FIG. 1. Slight inhibition of AHL-regulated violacein synthesis in C. violaceum CV0blu by an extract from A. maritimum (left panel) and strong
inhibition by an extract from P. incarnata (right panel) in LA agar plates supplied with oxo-C6-HSL.

FIG. 2. Growth inhibition (internal zone) and inhibition of AHL-regulated violacein synthesis in C. tumefaciens CV0blu (external zone) by an
extract from A. unedo (left panel) and growth inhibition by an extract from C. incanus (right panel) in LA agar plates supplied with oxo-C6-HSL.
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Compounds that stimulated QS in A. tumefaciens in extracts
from V. faba and Bougainvillea sp. did not migrate under our
TLC conditions. While extracts from five plant species in-
hibited QS in A. tumefaciens in the agar plate assay, these
compounds did not migrate on reverse-phase TLC plates.
While extracts from seven plant species inhibited violacein
production by C. violaceum in the agar plate assay, no com-
pounds with such activity migrated on TLC plates. As a
control, we detected a compound in extracts from seedling
pea roots that strongly inhibited QS in A. tumefaciens as
determined by this TLC assay.

While compounds from both S. mexicana and A. africanus
migrated like N-octanoyl-L-HSL in reverse-phase TLC, these
compounds were easily distinguished from this AHL in nor-
mal-phase TLC. The known AHLs, but not the compounds in
plant extracts, moved from the origin. Since none of the plant
extracts moved from the origin, they were distinct from the
bacterial AHLs tested.

Iron sequestration by plant extracts. Siderophore synthesis
in P. syringae B728a was stimulated in culture media containing
abundant iron by leaf surface extracts from 16 of the 52 plant
species tested. This strain did not produce visible siderophore
fluorescence when it was grown on LA medium, while strong
diffusible fluorescence was observed when cells were grown in
the vicinity of many leaf surface extracts. The extracts from G.
molle, Pelargonium odoratissimum, Sedum spectabile, Rhus lau-
rina, Myrica rubra, Camellia sp., Cistus incanus, Zauschneria
epilobium, Prunus laurocerasus, Raphyolepis indica, B. napus,
T. majus, Comarostaphylis glaucescens, A. unedo, Blechnum
spicant, and Eucalyptus resinifera each stimulated siderophore
production in P. syringae, although the magnitude of the effect
was different for different plant species (Fig. 5). In all cases the
stimulation of siderophore production in P. syringae B728a was

inhibited when FeCl3 was added at a concentration of 10�4 M
to the media (data not shown). These results suggest that one
or more compounds in plant extracts made the iron that was
present in LA medium unavailable to P. syringae, thus stimu-
lating siderophore biosynthesis in this species.

To determine the relative binding efficiencies of the ap-
parent iron sequestration compounds present in the plant
extracts, we compared the growth of wild-type P. syringae
strain B728a with the growth of isogenic mutant strain I-1,
which is deficient in pyoverdine production. Since the
growth of pseudomonads that are deficient in siderophore
production is inhibited in the presence of a strong iron
chelator (34), we wanted to determine if the plant iron-
sequestering compounds were sufficiently strong iron chela-
tors to inhibit the growth of strains lacking their own
siderophore. All 16 plant surface extracts inhibited the
growth of P. syringae strain I-1 on LA medium. Importantly,
in no case did the plant extract inhibit the growth of P.
syringae B728a on LA medium. The extracts from seven
plants stimulated siderophore production in the wild-type
strain over a distance from the disk on which plant extracts
were applied similar to the distance over which the same
extracts inhibited the growth of strain I-1 (Fig. 5). This
suggests that the iron sequestration capabilities of com-
pounds from these plants are very high and that the pres-
ence of the compounds is sufficient to make iron limiting for
the P. syringae strain lacking a siderophore. It is important
that the extracts from the rest of the plant species induced
siderophore production in P. syringae wild-type strain B728a
over a distance that was substantially greater than the dis-
tance over which they inhibited growth of strain I-1. This
result suggests that while the compounds in these extracts
were sufficient to sequester iron, their affinities for iron were
not strong enough to deplete the available iron to a level
that could limit bacterial growth at the low concentrations
present after diffusion from the source on the assay disks.

FIG. 4. AHL mimic compounds extracted from P. incarnata (lane
A), Ipomoea (lane B), A. maritimum (lane C), A. archangelica (lane D),
and R. trichocalyx (lane E), developed on a C18 reverse-phase thin-
layer plate, and then inoculated with the bioreporter A. tumefaciens
NT1(pSVB33, pJM729). Mixtures of the standard AHLs C12-HSL
(spot 1), C10-HSL (spot 2), C8-HSL (spot 3), and oxo-C8-HSL (spot 4)
were also included (lane M).FIG. 3. AHL mimic compounds in extracts from A. africanus (lane

A) and S. mexicana (lane D) developed on a C18 reverse-phase thin-
layer plate inoculated with the bioreporter A. tumefaciens
NT1(pSVB33, pJM729). No AHL mimic compounds were observed in
extracts from V. faba (lane B) and Bougainvillea sp. (lane C). Mixtures
of the standard AHLs C8-HSL (spot 1), oxo-C8-HSL (spot 2), and
oxo-C6-HSL (spot 3) were also included (lanes M1 and M2).
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DISCUSSION

The secretion of compounds that could alter bacterial quo-
rum sensing was quite common among the plants surveyed in
this study. In contrast to other workers (29), we tested leaf
surface extracts and not leaf fragments since compounds im-
portant in initial interactions between bacteria and plants
should be found prominently on the leaf. In fact, little evidence
of AHL mimics in leaves was obtained using a leaf disk assay
(29). Total plant extracts from 7 of 21 plant species tested were
also recently found to contain quorum-sensing inhibitors (39);
such extracts presumably included leaf surface compounds, but
the compounds were not concentrated. It is noteworthy that in
our study leaf surface extracts from 17 of the 52 plant species
tested yielded a positive or negative QS reaction with at least
one bacterial bioreporter. It is also important to note that leaf
surface extracts from all six plants (of the 17 plants producing
AHL mimics) that were grown under aseptic conditions con-
tained QS interference activity similar to that of plants har-
vested from the field, strongly suggesting that the compounds
were of plant origin and not associated with the small number
of epiphytic bacteria present on the leaves of the field-grown
plants at the time of the initial assay. We intentionally studied
only the compounds that could be readily washed off leaves
with a gentle extraction technique in order to assess the chem-
ical defenses that a microbe might first encounter upon contact
with a plant. It seems likely that there were other compounds
that interfered with QS that were more internalized in the
plants, which could alter normal microbial behavior only after

they invaded the plant. Given that a wide variety of QS signal
molecules have been described (53), our use of only three
bacterial species as bioreporters undoubtedly resulted in over-
looking some molecules that were not readily detected by these
strains. However, our use of C. violaceum, A. tumefaciens, and
P. syringae, which recognize AHLs with different side chain
lengths and substitutions, should have enabled us to detect a
wide variety of different AHLs. It is noteworthy that the num-
ber of plants (11 species) that were found to produce com-
pounds that stimulated QS in A. tumefaciens was greater than
the number of plants that were found to produce compounds
that stimulated QS in the C. violaceum (2 species) and P.
syringae (no species) bioreporters. This result was not unex-
pected as the QS system in A. tumefaciens is rather promiscu-
ous, responding to far more AHLs than the other two biore-
porter species respond to (4). The different bioreporters
generally detected different compounds. Only extracts from A.
africanus and S. mexicana stimulated QS in both C. violaceum
and A. tumefaciens. Likewise, leaf surface extracts from nine
plant species inhibited QS in either A. tumefaciens or C. vio-
laceum, while leaf surface extracts from only one species in-
hibited QS in P. syringae; however, none of the extracts except
that from P. sativum inhibited QS in more than one biore-
porter species. Teplitski et al. (49) also found that the effects of
P. sativum root exudates on QS varied; these exudates inhib-
ited one bacterial bioreporter but stimulated other bacterial
bioreporters. It is noteworthy that leaf surface extracts from A.
maritimum, P. incarnata, and R. trichocalyx caused both stim-

FIG. 5. Radial distances from the site of application of plant extracts that siderophore production by P. syringae wild-strain B728a was
stimulated on LA medium (black bars) and growth of the isogenic siderophore-deficient mutant strain I-1 was inhibited (gray bars) by extracts of
16 plant species, as well as by two concentrations of tannin.
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ulation of QS in A. tumefaciens and inhibition of violacein
production in C. violaceum. The apparently contradictory ac-
tivity conferred by these three plant extracts is not inconsistent,
since some molecules, such as long-chain AHLs, including
C12-HSL, stimulate QS in A. tumefaciens while they inhibit QS
in C. violaceum (9, 28). The leaf surface compounds with QS-
stimulating activity had features that were distinct from the
features of common AHLs. Compounds in leaf surface extracts
from I. purpurea, A. archangelica, and O. pes-caprae that stim-
ulated QS in A. tumefaciens did not migrate substantially under
the reverse-phase TLC conditions used here. Such molecules
clearly are not very hydrophilic and may represent AHLs with
very long side chains or other very hydrophobic compounds.
Additionally, their inability to inhibit violacein production by
C. violaceum suggests either that the concentration was not
high enough or that the chemical structure differs substantially
from that of more common AHLs. Analysis of these com-
pounds by silica gel TLC with different solvent systems re-
vealed that they clearly were not bacterial AHLs. Further
chemical analysis is needed to determine the identities of these
compounds.

The release of compounds that interfere with QS onto leaves
may differ from the release onto other plant parts. Compounds
in P. sativum that interfered with QS differed with both tissue
type and plant age. Extracts of seedling roots inhibited viola-
cein synthesis in C. violaceum, as reported previously (49), and
also inhibited �-galactosidase production in A. tumefaciens
(Table 1). In contrast, extracts from leaves of mature P. sati-
vum plants only slightly inhibited violacein production and did
not interfere with QS in A. tumefaciens (Table 1). The differ-
ences may have been due either to the different tissues that
were examined or to the different ages of the plants. Roots are
known to have a higher rate of exudation of many compounds
than leaves have (11), and it is possible that the higher levels of
compounds that interfere with QS seen in root extracts were
due to greater availability in this plant part. Alternatively,
plants may alter bacterial quorum sensing only in early stages
of growth when the plants are more vulnerable to bacterial
attack or need to attract appropriate symbiotic partners, as
suggested for the ability of Lotus corniculatus seedlings to
inactivate AHLs (5).

Iron sequestration appears to be a very common phenome-
non on leaf surfaces. Leaf surface extracts from nearly 30% of
the plant species tested triggered siderophore production in P.
syringae in LA medium, a culture medium with sufficient iron
to repress siderophore biosynthesis in this species. The appar-
ent iron-sequestering compounds also had a relatively high
affinity for iron, inhibiting the growth of a P. syringae mutant
unable to make its own siderophore for iron acquisition (Fig.
5). These results suggest that epiphytic bacteria must have an
effective iron acquisition system in order to grow on plants.
Plants might thus influence their microflora by withholding
iron and might permit growth on their surfaces of only strains
that are able to compete with the plant for iron chelation.
Iron-dependent bacterial traits that might be inhibitory to
plants, such as phytotoxin production (15) and expression of
other virulence factors required for pathogenicity (10), might
also be inhibited by such a strategy of iron limitation mediated
by such plant compounds.

It is tempting to suggest that the iron-sequestering activities

observed in this study were associated with tannins that were
released onto the surfaces of the plants. It is noteworthy that
purified tannins stimulated siderophore production in wild-
type P. syringae and inhibited growth of the siderophore mu-
tant over equal distances from the site of application and to
similar extents as many leaf surface extracts (Fig. 5). The iron
sequestration capacity of these compounds, which has been
recognized previously (30, 43, 46), suggests that these common
plant constituents may play a larger role in influencing micro-
bial behavior on plants than previously recognized. Plant-me-
diated iron deficiency on leaves thus appears to be an impor-
tant preexisting growth-limiting factor that affects bacterial
colonization of plants immediately after the bacteria arrive at
a leaf, along with other physical defenses and preexisting plant
chemicals.

The release of compounds that interfere with bacterial QS as
well as iron sequestration on leaves appears to be quite wide-
spread among plant species. These two phenomena are not
highly phylogenetically conserved, since not all plants belong-
ing to a family exhibit the same behavior. Both phenomena are
rather important to bacterial existence on leaves since they can
govern bacterial growth by iron depravation and expression of
coordinated bacterial traits by altering cell density-dependent
cell signaling that is essential to epiphytic fitness (37, 38).
Given that a linkage between quorum sensing and siderophore
production has been shown in species such as Pseudomonas
putida and P. aeruginosa (41), it is tempting to speculate that
plant compounds that interfere with bacterial quorum sensing
might also interfere with the ability of epiphytic bacteria to
acquire needed iron on plants with restricted iron levels on
their leaves. Clearly, more work with additional bacterial re-
porter strains and further chemical analysis are needed to
better define the nature and function of compounds that in-
terfere with QS. Further examination of the identities and
abundance of iron-sequestering compounds on plants should
clarify their role in altering bacterial colonization of plants and
reveal whether such compounds might provide useful traits to
select for in efforts to breed plants that are resistant to bacte-
rial pests.
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