
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Jan. 2004, p. 346–355 Vol. 70, No. 1
0099-2240/04/$08.00�0 DOI: 10.1128/AEM.70.1.346–355.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Frequency, Size, and Localization of Bacterial Aggregates on Bean
Leaf Surfaces

J.-M. Monier and S. E. Lindow*
Department of Plant and Microbial Biology, University of California, Berkeley, California 94720

Received 28 April 2003/Accepted 26 September 2003

Using epifluorescence microscopy and image analysis, we have quantitatively described the frequency, size,
and spatial distribution of bacterial aggregates on leaf surfaces of greenhouse-grown bean plants inoculated
with the plant-pathogenic bacterium Pseudomonas syringae pv. syringae strain B728a. Bacterial cells were not
randomly distributed on the leaf surface but occurred in a wide range of cluster sizes, ranging from single cells
to over 104 cells per aggregate. The average cluster size increased through time, and aggregates were more
numerous and larger when plants were maintained under conditions of high relative humidity levels than
under dry conditions. The large majority of aggregates observed were small (less than 100 cells), and aggregate
sizes exhibited a strong right-hand-skewed frequency distribution. While large aggregates are not frequent on
a given leaf, they often accounted for the majority of cells present. We observed that up to 50% of cells present
on a leaf were located in aggregates containing 103 cells or more. Aggregates were associated with several
different anatomical features of the leaf surface but not with stomates. Aggregates were preferentially associ-
ated with glandular trichomes and veins. The biological and ecological significance of aggregate formation by
epiphytic bacteria is discussed.

Leaf surfaces can support the development of large popula-
tions of diverse bacteria, and most plant-pathogenic bacteria
multiply on the leaf surface before they initiate disease (19).
Pseudomonas syringae is a prominent example of such epiphytic
bacteria in that it can cause disease on many plant species and
can incite frost damage because of its ice nucleation activity
(20). This species often establishes large epiphytic populations
on host and nonhost plants (for a review, see reference 20),
and studies have shown that the establishment of large epi-
phytic populations is a prerequisite for disease or frost occur-
rence (29, 44). The epiphytic bacterial population of entire
leaves is usually estimated, and quantitative analysis of epi-
phytes on leaves at smaller spatial scales is lacking. A few
studies have reported large variations in population sizes of
individual bacterial species between leaves or between individ-
ual 9-mm2 leaf segments (23), strongly suggesting that bacte-
rial populations are highly variable in size even at small spatial
scales.

The patchy recovery of bacteria from leaves in leaf imprint
studies suggests that bacteria do not occur in a uniform pattern
across leaf surfaces but tend to be localized in particular sites
(27). The nature of these sites has been qualitatively studied
using scanning electron microscopy, and the most-common
sites of bacterial colonization reported were at the base of
trichomes, at stomates, and in epidermal cell grooves along
veins (31, 33, 43, 46). While most of these observations suggest
a relatively scattered colonization, large aggregates embedded
in an exopolymeric matrix have been reported on leaf surfaces
of different plant species (17, 18, 37). However, such reports do

not provide enough information as to the ubiquity or impor-
tance of such aggregated cells.

Bacterial aggregates observed on leaf surfaces have charac-
teristics similar to those of cells in biofilms that have been
described in aquatic and medical environments (13). Cells in
biofilms are encased in a spatially structured exopolymeric
matrix. The presence of an exopolymeric matrix may lead to
the creation of physical barriers and chemical gradients that
can concentrate nutrients from dilute sources, provide protec-
tion against predators, and shield cells from lytic enzymes,
antibiotics, or other inhibitory compounds (for reviews, see
references 13, 14, 36, and 42). A localized high level of density
of cells may foster genetic and metabolic exchange. The epi-
phytic survival of bacteria during desiccation is likely enhanced
when they are embedded in a hydrated polymer. The physiol-
ogy and phenotypes of cells within biofilms have also been
reported to be markedly different from those of planktonic
cells of the same species. Aggregates may also locally facilitate
coordinated bacterial population responses for traits expressed
in a density-dependent manner through quorum sensing. Cha
et al. (11) have found that many plant-pathogenic bacteria
produce autoinducers, suggesting that density-dependent ex-
pression of traits (such as virulence factors) involved in inter-
actions with plants is also common on leaf surfaces (15). Since
the leaf surface is an unsaturated (i.e., water-limited) environ-
ment with constantly changing conditions during the course of
the day, some of the properties of bacterial aggregates on
leaves might differ from those of biofilms observed in aquatic
habitats.

An initial attempt to measure aggregate abundance on
leaves (38) revealed that aggregated populations on field-
grown broad-leaved endive and parsley leaves constitute be-
tween 10 and 40% of the total bacterial population. However,
the authors used a semidestructive method that combined leaf
washing, filtration, and ultrasonication which did not allow
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them to determine aggregate sizes or their locations on the leaf
surface or to account for cell disintegration or aggregation that
might have occurred during removal. With the use of P. syrin-
gae pv. syringae strain B728a on bean leaves as a model, the
objective of our study was to quantitatively describe the fre-
quency, size, and spatial distribution of bacterial aggregates on
leaf surfaces. It has been reported that the majority of the cells
of P. syringae associated with healthy bean leaves are present
on the plant surface (49), and our preliminary microscopic
observations revealed the presence of large aggregates on bean
leaf surfaces within a few days after inoculation of plants with
P. syringae pv. syringae strain B728a. Our approach consisted
of analyzing captured digital images of bacteria (visualized by
epifluorescence microscopy) directly on the leaf surface after
staining with acridine orange. We demonstrate that bacterial
aggregates occur in a wide range of sizes and are not randomly
distributed on the leaf surface, reflecting the variability of the
leaf surface environment, and discuss the ecological signifi-
cance of the large aggregates formed on leaves and factors
fostering their formation.

MATERIALS AND METHODS

Bacterial strain and culture media. Pseudomonas syringae pv. syringae strain
B728a is a spontaneous rifampin-resistant derivative of a strain isolated from a
bean leaflet. Its characteristics have been previously reported (5, 20, 30). Cul-
tures were stored at �80°C in 15% (vol/vol) glycerol in 10 mM potassium
phosphate buffer (PB) (pH 7.0) and routinely grown on King’s medium B (22)
(KB). Bacteria were cultured for 24 h at 28°C on KB containing rifampin (100
�g/ml) for inoculum production. The cells were harvested from plates with a
sterile loop and suspended in 1 mM PB. The cell concentration was estimated by
spectrophotometry and adjusted by dilution with PB to the desired concentra-
tion.

Plant inoculation. All experiments were conducted with 2-week-old bean
plants (Phaseolus vulgaris cv. Bush Blue Lake 274) grown in a greenhouse and
incubated in the laboratory under controlled conditions similar to those of other
studies (5). The bacteria were applied by immersing the plants in a suspension of
P. syringae pv. syringae strain B728a (105 CFU/ml) for about 3 s. The plants were
then kept at 22°C in a moist chamber maintained at close to 100% relative
humidity (RH) (12-h photoperiod). After 2 days, half of the plants were trans-
ferred to a growth chamber and maintained at 22°C (12-h photoperiod) under
conditions of a low level of RH (�50% RH) for the duration of the experiments.
Plants of the same genotype were also grown for 40 days in a field site located in
Berkeley, California.

Estimation of bacterial population sizes. Culturable bacterial population sizes
on symptomless primary leaves randomly sampled from bean plants, as well as on
individual leaf segments, were estimated by dilution plating of leaf washings. At
each sampling time, 15 leaves were individually placed in 20 ml of washing buffer
(100 mM PB [pH 7.0] containing 0.1% Bacto Peptone; Difco) and sonicated for
7 min in an ultrasonic cleaning bath to recover bacterial cells as described for
other studies (39). The weight and surface area of each individual leaf sampled
were also measured. To quantify the distribution of population sizes across a leaf,
individual leaves were cut into 44-mm2 leaf segments; population sizes were
estimated separately on individual segments. The total number of segments per
leaf ranged from 54 to 72. For each leaf, segments were cut using a flame-
sterilized razor blade, placed in individual sterile Eppendorf microcentrifuge
tubes containing 500 �l of washing buffer, and sonicated for 7 min. Appropriate
dilutions of leaf or leaf segment washings were plated using a spiral plater (Spiral
Systems Inc., Cincinnati, Ohio) on KB and on KB containing rifampin, cyclo-
heximide (Sigma Co., St. Louis, Mo.) (100 �g/ml), and benomyl (Dupont, Wil-
mington, Del.) (50 �l/mg). The population sizes were estimated from colony
counts on plates after 2 to 3 days of incubation at 28°C.

Visualization of cells by microscopy. The frequency, size, and localization of
bacterial aggregates were determined at the microscale by analysis of digital
images of micrographs of epiphytic bacteria before and immediately after inoc-
ulation and at 2, 7, and 8 days following inoculation of P. syringae pv. syringae
strain B728a onto leaf surfaces. At each sampling time, three leaves were ran-
domly selected and 5 to 10 segments (1 by 1 cm) were randomly cut per leaf.
Each segment was then individually dipped in a solution of acridine orange

(0.1%, pH 7.0) for 2 min to allow visualization of both the bacterial cells and the
anatomical structures of the leaf surface (adapted from reference 37). A 1%
solution of water agar was prepared and set aside in liquid phase in a water bath
at 50°C Leaf segments were then air dried, placed on top of 100 �l of molten
water agar on a microscope slide to ensure a flat surface for microscopic obser-
vations, and observed after solidification of the agar (i.e., after about 20 s). The
upper surface of primary leaves was observed in all experiments. Samples were
viewed by epifluorescence microscopy with an Axiophot microscope equipped
with a 20�, 1.30-numerical-aperture Plan Neofluar objective (Zeiss Inc.,
Oberkochen, Germany). A long-pass filter for fluorescein was used in combina-
tion with a short-pass filter (Melles-Griot, Irvine, Calif.) (650 nm) to partially
block the red autofluorescence of the leaf but not the acridine orange fluores-
cence. A total of 5 to 10 random fields of view were selected per leaf segment,
and the corresponding images were captured with an Optronics DEI750 video
camera.

Viability of bacterial cells was determined using a Live-Dead staining kit
(Molecular Probes Inc., Eugene, Oreg.). Cells removed from leaf surfaces by
sonication were stained and filtered through black polycarbonate filters (Milli-
pore Co., Bedford, Maine) (0.2-�m-pore-size diameter). The filters were then
placed between a microscope slide and a coverslip and were immediately ob-
served by epifluorescence microscopy. At least 20 random fields of view (con-
taining a total of at least 400 cells) were observed per slide, and the total numbers
of dead (red) and living (green) cells were enumerated.

Our samples were also observed using environmental scanning electron mi-
croscopy (ESEM), a process that does not require any sample preparation
involving liquids. Leaf segments were mounted on metal supports with double-
coated tape, placed in the microscope chamber, and immediately observed.
Micrographs were collected using an Electroscan E3 ESEM operated at an
accelerating voltage of 5.0 keV.

Frequency and size of aggregates. The frequency and size of bacterial aggre-
gates on leaf surfaces were determined by image analysis of micrographs ob-
tained by epifluorescence microscopy. To represent measurements in microme-
ters, the microscope and video camera were calibrated using a micrograded slide
having parallel stripes separated by known distances. Captured images were
transferred to a personal computer platform and individually processed with
Corel Photopaint software (Corel Co., Ottawa, Canada) following a four-step
sequence. (i) Due to the irregular topography of the leaf surface, some areas of
the image captured were out of focus and were deleted manually. (ii) Bacteria
(which fluoresced bright orange) were separated from the dark-brown back-
ground fluorescence corresponding to the leaf surface by selecting the appropri-
ate threshold value of pixel intensity. (iii) The few fluorescent objects that were
not bacterial cells remaining after the thresholding step were deleted manually.
(iv) To facilitate measurements, the resulting image was converted into a binary
image with bacteria represented in white and the leaf surface represented in
black. Aggregate size and frequency measurements were conducted using IPLab
software (Scanalytics Inc., Fairfax, Va.), which allowed automatic measurements
of the number of individual objects in an image as well as their corresponding
areas. The total number of cells per aggregate was then estimated based on the
assumption that aggregates consisted of dense monolayers of bacteria with a
surface area of 1.5 �m2 each. This procedure gave us an underestimation of the
total number of aggregated bacterial cells. The area of leaf surface observed was
deduced for each image by summing the areas of the leaf covered by bacteria
(white pixels) and the areas of the leaf not covered by bacteria (black pixels). For
ease of interpretation and to facilitate the creation of a visual image of the
aggregates observed, aggregate sizes were expressed in values reflecting esti-
mated numbers of cells instead of areas in square millimeters. Since large
aggregates may have comprised several layers of bacterial cells as observed under
field conditions (37), this convention may have led to an underestimation of the
number of cells in such aggregates. On the other hand, the use of a low-
magnification objective to maximize the leaf surface area visualized and in focus
in a field of view might result in an overestimation of the total number of cells in
small (1- to 4-cell) aggregates since the strong fluorescent signals of stained
bacteria can form a fluorescent halo around the cells, thus leading to overesti-
mation of their sizes.

Localization of aggregates. To associate an aggregate with a particular leaf
surface feature, the leaf surface area was partitioned into discrete variables and
defined as the sum of areas covered by the following anatomical structures:
glandular trichomes, hooked trichomes, stomates, undifferentiated epidermal
plant cells, and veins. Due to the large number of aggregates observed, only
aggregates covering an area of 150 �m2 or more (e.g., 100 bacterial cells) were
analyzed. Aggregate sizes were determined using processed images, and the
corresponding unprocessed images were used to define the location of a given
aggregate. When more than one large aggregate was present in the same image,
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the x and y coordinates of the center of each were obtained using IPLab software.
To determine the relative areas occupied by the different anatomical structures
on a leaf, 1-cm-wide transects were cut crosswise from the midvein to the margin
at the base, midsection, and tip of a noninoculated primary bean leaf. Transects
were then stained with acridine orange (0.1%, pH 7.0) and prepared for epiflu-
orescence microscopy observation as described previously. For each transect,
overlapping images were taken from the midvein to the leaf margin. To minimize
areas out of focus, images were taken using a 10�, 0.30-numerical-aperture Plan
Neofluar objective (Zeiss Inc.); when necessary, several images of the same field
of view were taken at different focal planes. Overlapping sections of the captured
images were manually deleted before measurements were performed. For each
image, masks corresponding to individual glandular trichomes, hooked
trichomes, stomates, or veins were manually drawn and their corresponding
areas were measured using IPLab software. The area covered by undifferentiated
epidermal plant cells was deducted by subtracting the sum of areas covered by
the different anatomical structures from the total area measured.

Data transformation and statistical analysis. Estimations of the total number
of cells per aggregate and frequency distributions were obtained using Microsoft
Excel software (Microsoft Co., Redmond, Wash.). Descriptive statistic determi-
nations, a Kolmogorov-Smirnov test for normality of nontransformed and log-
transformed data, Duncan’s multiple range test, a chi-square goodness of fit test,
and calculation of the cutoff size values and slopes of the truncated power laws
(TPL) were all performed with Statistica software (Statsoft Inc., Tulsa, Okla.).

RESULTS

Combination of acridine orange staining and image analy-
sis. The approach used in this study allowed us to visualize
bacteria and to measure the frequency and size of bacterial
aggregates directly on the leaf surface. While the spatial pat-
terns of bacterial colonization of bean leaves in the field and in
the greenhouse were qualitatively similar, the leaves of plants
grown in the field were partially covered with autofluorescent
soil particles or plant debris (which was difficult to differentiate
from bacterial aggregates) and thus were not suitable for an
extensive and accurate quantification of the number and size of
bacterial aggregates. Image analysis was therefore performed
on bean plants grown in the greenhouse following inoculation
with P. syringae pv. syringae strain B728a. The spatial patterns
of colonization of bean leaves were qualitatively similar on the
abaxial and adaxial leaf surfaces. Characterization of bacterial
aggregates was therefore performed on the upper leaf surface,
since it has a more even topography as well as a lower density
of long autofluorescent hooked trichomes. The relatively low
magnification (�250) used allowed us to observe large leaf

surface areas and to minimize the percentage of out-of-focus
areas on captured images and yet allowed us to visualize indi-
vidual bacterial cells. The use of a 650-nm short-pass filter was
necessary for the visualization of individual cells and small
aggregates that would otherwise be masked by the strong red
autofluorescence of the leaf. Qualitative observations (using
ESEM) of our samples revealed the same colonization pattern
of bacteria on leaves. No bacterial cells were observed associ-
ated with stomates, and the presence of dark spots of reduced
electron reflection, probably corresponding to a localized dif-
ference in chemical composition, was observed at the base of
trichomes and along veins.

Use of ESEM confirmed that aggregates were preferentially
associated with glandular trichomes or veins or were occasion-
ally observed along leaf margins or associated with a wounded
epidermal cell, indicating that acridine staining did not redis-
tribute cells. While the spatial distribution of aggregated cells
on field-grown plants followed the same colonization pattern,
we were not generally able to visualize solitary cells. Samples
were observed at a relatively low level of magnification that
may not have allowed us to detect individual cells, due to the
presence of strongly autofluorescent soil particles or plant de-
bris and also because the size of bacteria grown on leaves is
significantly smaller than that of cultured cells (34). While the
use of acridine orange did not allow differentiation between P.
syringae cells and cells of other bacterial species, the data
reported in this study were very consistent with those of ex-
periments performed using green fluorescent protein-tagged P.
syringae cells (unpublished data). As determined on the basis
of plate counts of culturable populations, in addition, P. syrin-
gae cells represented over 99% of the cells present on the leaf
surfaces of bean plants.

Quantification of bacterial aggregate sizes. To obtain a sam-
ple of leaf surface bacterial populations sufficiently represen-
tative to allow projection across an entire leaf, several square
millimeters of leaf surfaces containing between 12,000 and
65,000 aggregates were measured at each sampling time (Table
1). At 0, 2, and 8 days of incubation after inoculation with a
dilute P. syringae cell suspension, bacteria covered 2.2% �
0.4%, 4.8% � 0.1%, and 12.0% � 2.5% of the leaf surface,

TABLE 1. Number and size of bacterial aggregates observed on bean leaf surfaces through time following inoculation of P. syringae
strain B728a

Days since
inoculation Leaf

Total leaf
area observed

(mm2)

Bacterial aggregates
Area of leaf
covered (%)

Cells/cm2

(106)
Variance/mean

ratioNo.
observed

No. of cells

Mean � SE Rangea

Preinoculation 1 0.669 2,279 6.7 � 0.2 108 0.98 0.6 11
2 0.632 531 7.5 � 0.6 131 0.27 0.2 23
3 0.810 2,949 6.3 � 0.1 118 1.00 0.6 9

0 1 0.668 6,268 7.8 � 0.1 201 3.07 1.8 15
2 0.430 2,446 6.8 � 0.2 135 1.65 1.0 16
3 0.570 3,764 7.1 � 0.2 178 2.00 1.2 14

2 1 0.438 5,326 10.0 � 0.4 644 4.99 3.0 73
2 0.519 6,148 10.0 � 0.4 1,375 4.88 3.0 87
3 0.330 3,147 11.5 � 1.0 2,522 4.54 2.7 268

8 1 0.351 5,177 12.5 � 2.2 11,306 7.39 4.6 2,057
2 0.441 5,534 27.4 � 2.7 7,960 12.95 8.6 1,489
3 0.462 6,354 31.3 � 3.5 10,203 15.71 10.8 2,502

a Range of bacterial aggregate sizes (number of cells), which also corresponds to the total number of cells observed in the largest aggregates.
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respectively. After incubation for several days, cells were not
randomly scattered over the leaf surface but occurred in a wide
array of cluster sizes ranging from single cells to aggregates
with over 104 cells each. While after 2 days total bacterial
populations on leaves had increased little after achieving a
population size of ca. 106 CFU/cm2, the average aggregate size
increased with time and the largest aggregates observed at 0, 2,
and 8 days after inoculation consisted of approximately 200,
2,500, and 11,000 bacterial cells, respectively (Table 1). Aggre-
gates observed on leaf surfaces of plants maintained under
conditions of low RH were less numerous and smaller than
aggregates observed on leaf surfaces of plants maintained un-
der conducive conditions for the same period of time (data not
shown). The proportion of living cells on leaves was less than
1% after 8 days under dry conditions; when plants where kept
under conducive conditions, the proportion of living cells re-
mained stable (at ca. 90%) during the course of the experi-
ments. While data are not reported, the same experiments
were performed on several additional leaves and the data ob-
tained showed a similar pattern.

Frequency of bacterial aggregates. The large majority of
bacterial cell aggregates observed on leaves were relatively
small, and aggregate sizes exhibited a strong right-hand-
skewed frequency distribution (Fig. 1). Aggregates consisting
of 64 cells or fewer represented 99.9, 99.3, and 98.1% of the
total number of aggregates observed after 0, 2, and 8 days,
respectively. The distribution of aggregate sizes was not well
described by the log-normal value. To compare frequency dis-
tribution of aggregate sizes as a function of time, the TPL,

consisting of two power functions separated by a cutoff size
(C), were applied to our data. The cutoff sizes and slopes were
calculated after plotting the log of the total number of aggre-
gates against the log of the number of cells per aggregate. The
slope of the second TPL functions decreased significantly with
time, indicating that the number of larger aggregates increased
with increases in incubation time (Fig. 2). No significant dif-
ferences were observed between the slopes of the first power
functions which corresponded to small aggregates (less than 12
cells/aggregate).

Relative percentages of solitary and aggregated cells on leaf
surfaces. While large aggregates are not frequent on a given
leaf, they can account for the majority of the cells present. We
also observed that the proportion of the total number of cells
that were located in larger aggregates increased with incuba-
tion time (Fig. 3). Immediately after inoculation, only 2.7% of
the cells were located in aggregates containing 100 cells or
more. This proportion dramatically increased with incubation
time and, when considered over several leaves, reached (on
average) 22.7 and 62.2% after 2 and 8 days, respectively. At 8
days after inoculation, half of the cells were located in aggre-
gates containing 300 cells or more. A great deal of variation in
the degree of aggregation was observed between leaves and
between leaf segments as well as within individual leaf seg-
ments. For example, the proportions of cells located in aggre-
gates containing 100 cells or more for each of three leaves
sampled 7 days after inoculation were 32.8, 64.1, and 71.4%,

FIG. 1. Frequency distribution of bacterial aggregates on leaf sur-
faces before inoculation and 0, 2, and 8 days following inoculation with
P. syringae pv. syringae strain B728a. The total number of aggregates
was determined for three leaves at each sampling time, and the data
were combined. The characteristics of the total surface of the leaf
observed at each sampling time were slightly different, and the total
number of aggregates observed was normalized; values are expressed
in square millimeters. The number of cells per aggregate was estimated
from the surface area of each aggregate; it was assumed that each
aggregate consisted of a dense monolayer of bacterial cells with an
average surface area of 1.5 �m2.

FIG. 2. Frequency distribution of aggregate sizes at 0 (gray-shaded
squares), 2 (open circles), and 8 (filled triangles) days following inoc-
ulation with P. syringae pv. syringae strain B728a on bean leaf surfaces.
Three leaves were observed at each sampling time. The TPL were used
to compare aggregation patterns as a function of time. The cutoff sizes
were 12, 19, and 10 cells per aggregate after 0, 2, and 8 days, respec-
tively. The slope of the second TPL functions significantly (P � 0.001)
decreased through time, reaching �1.67 (R2 � 0.88), �1.09 (R2 �
0.89), and �0.86 (R2 � 0.86) after 0, 2, and 8 days, respectively. No
significant differences were observed between the slopes of the first
power functions corresponding to the smaller aggregates.
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respectively, and the proportions of cells located in aggregates
containing 1,000 cells or more were 19.5, 33.7, and 48.8% (Fig.
4A). Observation (at 7 days after inoculation) of 10 different
segments within the same leaf revealed that the percentages of
cells located in large aggregates differed greatly among leaf
segments; we observed that within this collection of leaf seg-
ments, the proportions of cells located in aggregates containing
100 cells or more ranged from 1.3 to 78.9% and that the
proportions of cells located in aggregates containing 1,000 cells
or more ranged from 0.0 to 67.3% (Fig. 4B). In different fields
of view taken within a given leaf segment, the proportions of
cells located in aggregates containing 100 cells or more ranged
from 0.0 to 94.9% and the proportions of cells located in
aggregates containing 1,000 cells or more ranged from 0.0 to
85.4% (Fig. 4C).

Spatial distribution of bacterial aggregates. To determine
whether bacterial aggregate formation occurred preferentially
at particular sites on the leaf surface, we first quantified the
relative fraction of the leaf that comprised different anatomical
features on the upper surface of a primary bean leaf. Stomates,
veins, hooked trichomes, and glandular trichomes accounted
for 17.1% � 0.3%, 7.3% � 0.4%, 1.2% � 0.2%, and 0.6% �
0.1% of the leaf surface, respectively. The remaining 73.8% �
0.8% was defined as undifferentiated epidermal cells (Table 2).
Aggregates were observed associated with all anatomical fea-
tures of the leaf surface except stomates. Aggregates were
observed at the base of glandular and hooked trichomes and in
the grooves between cells associated with veins and nondiffer-
entiated epidermal cells. Comparison (by calculation of the
chi-square goodness-of-fit values) of the observed and ex-

pected (as determined from the relative surfaces of each ana-
tomical feature) numbers of aggregates associated with the
different anatomical features demonstrated that aggregates are
not randomly distributed on the leaf surface but are preferen-
tially associated with veins and trichomes (P � 0.001). Chi-
square goodness-of-fit values were also calculated to test the
hypothesis that aggregate sizes are randomly distributed for
each anatomical feature. The hypothesis could not be rejected
for hooked trichomes (P � 0.81) and veins (P � 0.24). Aggre-
gates associated with glandular trichomes were significantly (P
� 0.001) larger and aggregates associated with undifferenti-
ated epidermal cells were significantly (P � 0.005) smaller than
those on hooked trichomes and veins (Fig. 5). Bacterial aggre-
gates were most likely to be observed at the base of glandular
trichomes where they formed large “pools.” Occasionally, a
large aggregate was observed to be associated with a wounded
epidermal plant cell.

Spatial heterogeneity among sampling units and estimation
of population sizes. Culturable bacterial-population sizes (de-
termined for entire leaves and leaf segments by plating appro-
priate dilutions of leaf washings on agar medium) were com-
pared with total population sizes estimated by image analysis.
Culturable bacterial-population sizes among the small sam-
pling units employed demonstrated a high level of variability
(Fig. 6). The differences between segments in aggregation pat-
terns of total bacteria (as well as the overall increase in the
number and size of aggregates through time) are reflected in
the large variations observed in mean/variance ratios (used as
aggregation indexes) (Fig. 7).

FIG. 3. Cumulative proportion of the total number of cells observed as a function of the total number of cells per aggregate. Each curve
represents the combined data of three individual leaves observed 0, 2, and 8 days following inoculation with P. syringae pv. syringae strain B728a.
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DISCUSSION

This study provides the first quantitative information on the
frequency and size of bacterial aggregates determined directly
on leaf surfaces and demonstrates that aggregated bacteria
account for the majority of the cells present on a leaf. At 8 days
after inoculation of P. syringae on bean leaf surfaces, between
30 and 70% of the total epiphytic bacterial population was
located in aggregates containing 100 cells or more. Our data
corroborate a previous study (using a method based on the
separation of solitary and aggregated cells by filtration of leaf
washings) that reported that aggregated cells could account for
from 10 to 40% of the total bacterial population on broad-leaf
endive and parsley (38). Unpublished data from the same
laboratory suggest that on cantaloupe, the aggregated fraction
can represent up to 70% of the total epiphytic bacterial pop-
ulation (36). While their approach is a fast and easy way to
demonstrate the presence of aggregated cells on individual
leaves, it is not as quantitative and may not reflect the original
aggregation status of cells on plants or provide information
about the size and spatial distribution of aggregates. The direct
observation and measurement of bacterial aggregates on the
leaf provide more interpretable information on the number of
aggregates present and their size frequency distribution and
spatial location.

Description of the spatial distribution of epiphytic bacteria
at a scale corresponding to their sizes provides biological and
ecological information about the processes that lead to suc-
cessful colonization. Kinkel et al. have shown that bacterial
populations are highly variable among leaves and among indi-
vidual 9-mm2 leaf segments (23). Our data confirm such ob-
servations and provide further information about the sites at
which bacterial populations are aggregated within individual
leaf segments. The variability in spatial aggregation clearly
extends even to small regions within a given leaf segment (Fig.
4C). While the variability in population sizes observed at the
plant, leaf, or leaf segment level could result from several
environmental and biological factors, the variability observed
within leaf segments seems to be driven by the presence or
absence of microsites conducive to bacterial growth. Cells were
not randomly scattered over the leaf surface and occurred in a
wide range of cluster sizes, roughly reflecting the spatial het-
erogeneity of nutrients available on leaf surfaces (28).

Previous qualitative studies (using scanning electron micros-
copy) revealed that the most common sites of bacterial colo-
nization are at the base of trichomes, at stomates, and at
epidermal cell wall junctions, especially in the groove along the
veins. Our study revealed that P. syringae pv. syringae strain
B728a preferentially formed aggregates at the base of glandu-
lar trichomes and in the grooves along the veins, with smaller
aggregates found only in the grooves between epidermal cells
and at the base of hooked trichomes; we hypothesize that due
to a limited amount of nutrients, the latter sites allow limited
bacterial growth. For such large aggregates to form, that is, the
physical environment must be conducive and an ample supply
of carbon-containing nutrients must be present. The use of
whole-cell biosensors for sugars on leaves revealed that the
sites of ample sugar abundance on a leaf are few and small
(28), and the use of such sensors to establish correlation be-
tween aggregate formation and the availability of growth sub-

FIG. 4. Cumulative proportion of the total number of cells ob-
served as a function of the total number of cells per aggregate when
considered over different spatial scales. Each curve corresponds to the
results for an individual leaf (A), an individual leaf segment cut ran-
domly within the same leaf (B), or an individual field of view randomly
selected within the same leaf segment (C) observed 7 days following
inoculation with P. syringae pv. syringae strain B728a.

VOL. 70, 2004 BACTERIAL AGGREGATION ON LEAF SURFACES 351



strates should be informative. Aggregates observed on leaf
surfaces of plants maintained under conditions of low RH were
less numerous and smaller than aggregates observed on leaf
surfaces of plants maintained under moist conditions for the
same period of time. The lack of free water on leaves may have
reduced the rate of nutrient leakage onto leaves and restricted
the spatial motility of the nutrients, thereby reducing the rate
at which aggregates could grow. We hypothesize that while
aggregate formation is favored by the presence of water, ag-
gregates might also contribute to the survival of bacteria peri-

odically exposed to desiccation stress. The repeated exposure
of leaves to such stress may be an important factor in causing
such a large proportion of cells to be found in such aggregates.
In support of such a model, quantification of any differential
survival results for solitary and aggregated cells on leaves
should prove informative.

Bacterial colonization of plants clearly occurs preferentially
at certain features of a leaf. While other studies show that P.
syringae pv. syringae can colonize stomates of pear and apple
leaves (31, 32), we did not observe any colonization of bean
stomates. Small aggregates were sometimes observed associ-
ated with stomates under field conditions, but we could not
conclude whether such aggregated cells were P. syringae cells
or represented other bacterial species. The aggregates that
formed along the veins were stretched along the grooves be-
tween cells and probably resulted from exudation of nutrients
as well as the presence of residual water. Occasionally, a large
aggregate was observed in association with a wounded epider-
mal cell, reinforcing the concept that nutrient availability limits
the formation of aggregates on leaf surfaces. Glandular
trichomes probably offer optimal conditions for microbial
growth due to their ability to retain water droplets (10) and
secrete a diversity of chemical compounds, including sugars,
proteins, oils, secondary metabolites, and mucilage (2, 40).
Aggregates associated with glandular trichomes formed large
contiguous pools and were markedly different in shape from
aggregates observed near other sites. Their shapes strongly
suggest that trichomes leak nutrients onto the leaf surface from
a point source and that bacterial growth is promoted by the
leakage of these nutrients.

Using different microscopy techniques to observe aggregates
on leaf surfaces, Morris et al. have also reported that large
aggregates (on field-grown leaves) were often attached to glan-
dular trichomes (37). In a recent study, we have also reported
that cells were significantly larger near glandular trichomes
(34), suggesting that the physiological state (presumably driven
by ample nutrient resources) of the bacteria in such sites is
different from that in sites where aggregates are not formed.
Different bacterial strains may behave differently, and a given
strain may also behave differently on the leaf surfaces of dif-
ferent plant species; however, we have observed that the spa-
tial distributions of Pantoea agglomerans and Pseudomonas

FIG. 5. Observed and expected frequency distributions of aggre-
gate sizes associated with glandular trichomes (GT) and nondifferen-
tiated epidermal cells (EC) 8 days following inoculation with P. syrin-
gae pv. syringae strain B728a on bean leaf surfaces. Aggregates
associated with glandular trichomes were more numerous (P � 0.001)
and significantly larger (P � 0.001) than expected. Aggregates associ-
ated with nondifferentiated cells were significantly smaller (P � 0.005)
and less numerous (P � 0.001) than expected. The same results were
observed 2 days after inoculation (data not shown).

TABLE 2. Number and size of bacterial aggregates observed that were associated with the different anatomical features of a bean leaf at 2
and 8 days following inoculation of P. syringae strain B728a

Bacterial aggregate location % of the leaf
surface

No. and size (no. of cells) of bacterial aggregates on leaves at indicated day after
inoculationa

2 8

n Meanb � SE n Mean � SE

Glandular trichomes 0.6 � 0.1 93 311.4 � 38.5 114 1,092.3 � 254.1
Veins 7.3 � 0.4 20 301.2 � 89.8 34 705.6 � 214.6
Hooked trichomes 1.2 � 0.2 10 204.1 � 19.5 26 409.8 � 71.7
Nondifferentiated epidermal cells 73.8 � 0.8 27 117.7 � 2.9 163 304.1 � 41.7
Stomates 17.1 � 0.3 0 0

Total 100 150 268.0 � 27.3 337 619.4 � 92.8

a Only aggregates with 100 cells or more were included in this study.
b Mean aggregate size values represent the inferred number of cells calculated from the area of a leaf covered with a given aggregate and an average cell size of 1.5

�m2.
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fluorescens cells on bean leaf surfaces were similar to that
observed for P. syringae (unpublished data). While our result
cannot be generalized to other strains, P. syringae pv. syringae
strain B728a seems typical of pathogens with an epiphytic
phase and other strains such as P. syringae DC3000 seem atyp-
ical. As reported by Boureau et al., P. syringae DC3000 is a
poor epiphytic colonizer and seems to be an exception to the
general P. syringae model (9).

Like microbial biofilms observed in aquatic environments,
aggregates observed in the phyllosphere are characterized by a
localized high level of density of cells. Within a few days fol-
lowing inoculation we observed aggregates containing between
104 and 105 cells. The physiology of the aggregated population
might be influenced by the high level of cell density. Cells
within aquatic biofilms are markedly different phenotypically
from planktonic cells of the same species. It has been reported
that as many as 30% of the genes of a given species are
expressed selectively within biofilms (13), and it has been
shown that the expression (including exopolysaccharide pro-
duction) of several genes is affected in biofilms (41, 48). Al-
though gene expression of bacteria on a leaf surface might be
influenced by many factors that differ within the microenviron-
ment encountered on the leaf, several traits important in plant-
microbe interactions have been shown to be regulated in a cell
density-dependent manner via quorum-sensing mechanisms (4,
12, 15, 26, 47). Several plant-associated bacteria (including
Erwinia spp. and Xanthomonas spp.) have been shown to reg-
ulate the expression of traits involved in pathogenicity by pro-
duction of N-acylated homoserine lactone (N-acyl HSL) (4, 26,
47). Several authors have now reported that most plant-patho-
genic bacteria (including species with an epiphytic phase, such

as Erwinia spp. and Pseudomonas spp.) produce N-acyl HSLs
(11, 15, 47). These reports, combined with our observations,
suggest that density-dependent expression of traits involved in
epiphytic interactions with plants can also occur. Given that P.
syringae produces cell-signaling compounds (15, 16, 24, 25), we
speculate that cells in aggregates in which such compounds
would accumulate such signals might have a different epiphytic
fitness than more-solitary cells. Our preliminary results
strongly suggest that aggregated cells of P. syringae may benefit
from N-acyl HSL production, since mutants of P. syringae pv.
syringae strain B728a unable to produce N-acyl HSL exhibit a
reduced ability to survive desiccation stress after multiplying
on bean plants (unpublished data).

The presence of large clusters of bacteria on leaves might
also increase the potential for metabolic and genetic exchange.
Bailey et al. have reported that remarkably high rates of trans-
fer of conjugative plasmids can occur on plants (3). In an
attempt to demonstrate the role of aggregates in plasmid ex-
change among epiphytes, Jacques et al. (M.-A. Jacques, C. E.
Morris, and M. J. Bailey, Abstr. Proceedings 5th Eur. Meet.
Bacterial Gen. Ecol., Nafplion, Greece, vol. 1, abstr. S1, p. 135,
1996) have characterized plasmid distribution among different
strains of fluorescent pseudomonads in an individual aggregate
isolated from broad-leaved endive and reported that half of the
strains contained the same mercury-resistant plasmid. Bjorklof
et al. have reported that plasmid transfer was highly efficient
when plants were incubated under conditions of high RH (7)
but could also occur under conditions of low RH and when
bacterial growth had ceased (8). These authors suggested that
plasmid transfers occurred in small aggregates observed on the
leaf surface. They have also reported that plasmid transfer

FIG. 6. Culturable population sizes of P. syringae pv. syringae strain B728a among different leaf segments cut from an individual bean leaf, 0,
2, and 8 days after inoculation. Bacteria were removed from individual 44-mm2 segments at each harvest time. The variance/mean ratios for
populations on different segments collected 0, 2, and 8 days after inoculation with P. syringae were 971, 104,434, and 157,812, respectively.
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rates decreased when bacteria were inoculated separately in
time and have suggested that the formation of a mucoid matrix
might have acted as a barrier for gene transfer by preventing
cell-to-cell contact (8). While their observations were not suf-
ficiently detailed to have described the large, but infrequently
occurring, aggregates found here, we find it tempting to spec-
ulate that the rates of plasmid exchange would be particularly
high at such sites. Thus, the patchy distribution of nutrients
leading to bacterial aggregates on leaves may provide impor-
tant breeding grounds for microbial diversity in plant-associ-
ated bacteria.

While P. syringae is a plant-pathogenic bacterium with a
particularly prominent epiphytic phase (20), our knowledge of
how P. syringae is able to survive on leaf surfaces and how
disease is initiated is still limited. The results reported in this
study provide new insights into its epiphytic life (often viewed
as the first step in the infection process). The formation of
large aggregates, probably embedded in extracellular polysac-
charide (37), might provide an ecological niche for the majority
of the cells of P. syringae present on a leaf that is different from
that of the more solitary cells which had previously been con-
sidered typical of epiphytes. Judging on the basis of the pre-
sumption that cells located at the bottom of an aggregate are
protected, aggregates might provide a protected site in which
bacteria could escape harsh conditions encountered on the leaf
surface. While bacterial growth apparently occurs preferen-
tially near potential sources of nutrients, aggregates might also
be sites where (because of the large local cell density) phyto-
toxins (such as syringomycin and syringopeptin) are locally
produced, thereby leading to an increased availability of nutri-

ents by increasing plant cell leakiness (6). Aggregates might
also be sites where disease is induced because of the selected
expression of virulence genes. While there is as yet no pub-
lished report of N-acyl HSL production on leaf surfaces, P.
syringae might express virulence genes in a cell density-depen-
dent manner in epiphytic aggregates.

The objective of our study was to quantitatively describe the
spatial distribution of bacterial aggregates on leaf surfaces,
specifically during the epiphytic growth phase of P. syringae.
Only asymptomatic leaves were sampled, and endophytic col-
onization was seldom observed during the time course of the
different experiments. Endophytic colonization was associated
with the different leaf features and occurs in the apoplast
between plant cells inside the leaf tissue. No trend regarding
correlations between endophytic colonization and any partic-
ular leaf feature was observed as Sabaratnam and Beattie have
reported (45) for stomates. In their study, the authors consid-
ered bacteria resistant to leaf surface sterilization treatment to
be endophytic. However, we have reported that a majority of
the cells located in aggregates can survive when exposed to
environmental stresses such as desiccation (35). Judging on the
basis of such observations, and since the majority of bacterial
cells are located in large aggregates, we hypothesize that in
their study Sabaratnam and Beattie may have underestimated
epiphytic populations or overestimated endophytic popula-
tions.

In an attempt to link aggregate formation and the disease
process, we were able to identify individual necrotic or water-
soaked plant cells on young trifoliated leaves and observed that
these were heavily colonized by P. syringae cells. However, we
were not able to determine whether a given wounded plant cell
resulted from the presence of an aggregate formed by this
pathogen or whether an aggregate resulted from the presence
of a wounded plant cell. While symptoms and endophytic col-
onization could be observed at a later stage of disease devel-
opment, the relatively low frequency of occurrence of infec-
tions or symptoms on a given leaf (less than 10 per leaf) makes
identification of such sites very difficult. The infection process
is also probably prolonged and asynchronous, making it very
hard to know when to look at and where to look on a leaf to
identify the precursors of disease. While it is possible that not
all aggregates induce disease, and even if (as is more likely) not
all diseases come from aggregates, the goal is to determine the
initial site of infection (i.e., that of a single plant cell); however,
this will remain a technical challenge.

Aggregate formation among epiphytes has significant eco-
logical implications that must be considered when designing
strategies to control plant-pathogenic bacteria. As suggested
above, at least some cells in large aggregates may be protected
from bactericides applied to plants, especially when the cells
are embedded in a mucoid matrix. The progressive decrease in
the susceptibility of P. syringae to cupric hydroxide application
to leaves with increasing periods of colonization prior to bac-
tericide treatments may reflect the development of protective
aggregates (1). Since most antibacterial compounds have been
developed on the basis of tests of their activity against plank-
tonic cells in synthetic media, they probably differ in efficacy
against aggregated epiphytic populations. In addition, a clus-
tered colonization pattern of the leaf surface (with a majority
of the cells located in a few large aggregates) may significantly

FIG. 7. Aggregation index (variance/mean) ratios within leaf seg-
ments as determined by image analysis as a function of time on noni-
noculated plants (open diamonds) and following inoculation with P.
syringae pv. syringae strain B728a (filled diamonds). Each symbol rep-
resents an individual leaf segment.
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limit microbial interactions to a few sites as well as providing
the “refuges” that have been proposed to account in part for
the lack of efficiency of biological control agents applied to
leaves (21).
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