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The invasion and exclusion abilities of coexisting Pseudomonas syringae strains were quantified on leaves.
Twenty-nine P. syringae strains were inoculated onto plants in 107 pairwise combinations. All pairs were

duplicated so that each strain was inoculated both first as an antagonist strain (day 0) and second as a challenge
strain (day 3). The population size of each strain in a mixture was quantified on day 6 following incubation
under moist conditions. For P. syringae strains, the presence of an established population often significantly
reduced the growth of subsequently arriving challenge strains on the leaf surface. Invasion and exclusion
abilities, quantified by contrasting population sizes of challenge strains in the presence and in the absence of
another strain, varied significantly among P. syringae strains and were partly a function of the particular strain
pair. The population size of a strain when present alone on a leaf was not predictive of invasion or exclusion
ability. Successful invaders were significantly less likely to exclude challenge populations than were nonsuc-

cessful invaders. Population sizes of successful excluders were negatively correlated with population sizes of
coexisting challenge strains, while population sizes of successful invaders were positively correlated with those
of coexisting antagonist strains. The patterns of interaction among coexisting strains suggest mechanisms for
successful invasion and exclusion among P. syringae strains on leaves.

Biological control with antagonistic microbes has been
investigated for many fungal and bacterial plant diseases
(e.g., 1, 4, 21, and 27). Resource competition (14), antibiosis
(3, 5, 18), or a combination of both of these forms of
interaction (24) has been suggested to explain disease reduc-
tions in cases in which mechanisms of control have been
studied. However, despite some successes, biological con-

trol continues to be sporadic and to have low predictability
in most systems. This lack of consistent control is partly a

consequence of our limited understanding of the nature of
the interactions of microorganisms with plants and with each
other. For example, we have little quantitative data on the
diversity and specificity of competitive abilities for patho-
genic strains and potential biological control organisms.
Successful prediction and enhancement of biological control
require such information.

Strains of the bacterium Pseudomonas syrngae van Hall
cause disease on a wide range of plant hosts (10). In addition,
P. syringae plays an important role in plant frost injury
because many strains are capable of catalyzing ice formation
at warm, subfreezing temperatures (2, 17). Prior work has
shown that bacterial antagonists of ice nucleation-active
(Ice') bacteria are promising as means of controlling frost
injury to many plant species in the field (11, 13). Plant frost
injury and population sizes of Ice' P. syringae strains are

significantly reduced in the presence of large populations of
non-Ice' (Ice-) P. syringae strains (13). Furthermore, re-
source competition rather than antibiosis appears to be the
primary mechanism of interaction that explains the reduc-
tions in Ice' bacteria and frost damage on plant surfaces
(14). However, we know relatively little of the dynamics
between Ice' and Ice- P. syringae strains on leaves and
consequently are limited in possible strategies for enhancing
biological control.

* Corresponding author.

In this study, we investigated competitive interactions
between pairwise mixtures of P. syringae strains on leaves.
Specifically, we sought to quantify two distinct aspects of
the competitive interactions between bacterial strains: inva-
sion, or the ability of a strain to establish a population on

leaves that have already been colonized by another strain,
and exclusion, or the ability of an established strain to inhibit
the development of a population of a second strain on leaves.
Our objective was to provide basic information on the
variability among strains in competitive ability and on the
quantitative impacts of intraspecific interactions on bacterial
populations.

MATERIALS AND METHODS

Bacterial strains. Twenty-nine strains of P. syringae were
isolated from healthy pear, almond, potato, strawberry, and
navel orange leaves. Leaves (ca. 20 g) were placed in
Erlenmeyer flasks containing 200 ml of sterile washing buffer
(0.1 M potassium phosphate buffer [pH 7.0] containing 0.1%
Bacto Peptone) and sonicated in an ultrasonic cleaner (Bran-
sonic 52) for 7 min. Tenfold serial dilutions of the wash
suspension were plated onto King's medium B (KB) (8)
containing 100 pLg of cycloheximide per ml. Ice' bacteria
were isolated by a replicate freezing technique from dilution
platings of leaf washings and subsequently purified by sev-

eral single-colony transfers in a manner similar to that
described by Lindow et al. (16). Strains tentatively identified
as P. syringae exhibited fluorescent pigment production on

KB, negative arginine dihydrolase (25) and oxidase (23)
reactions, and positive tobacco hypersensitivity and ice
nucleation (15) reactions and were unable to rot potato.
Strains were stored at -80°C in a solution of 15% (vol/vol)
glycerol.
Mutant strains resistant to the antibiotic rifampin were

selected as single colonies arising after a suspension (0.1 ml,
109 cells per ml) of each parental P. syringae strain was
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spread onto KB containing 100 jig of rifampin per ml (KBR)
and incubated at 30°C for 4 days. Individual mutant colonies
were purified by streaking on KBR, retested for the bio-
chemical and physiological characteristics listed above, and
demonstrated to have growth rates similar to those of the
corresponding parental strains on KB.

Ice- deletion mutants Cit7dellb, TLP2de11, and 31R1-
R1P6, derived from Ice+ parental P. syringae Cit7, TLP2,
and 31R1, respectively, were produced by marker exchange
mutagenesis with a cloned gene that confers ice nucleation in
each of these strains. The isolation, production, and charac-
teristics of these Ice- deletion mutants have been described
elsewhere (11, 12).
The isolation and ice nucleation properties of Ice- mutant

strains 31R1-28 and Citl3R-12, identified after mutagenesis
with ethyl methanesulfonate of Ice' P. syringae 31R1 and
Citl3, respectively, have been described elsewhere (2, 13).

Experimental design. Logistic considerations prevented
the evaluation of interactions among all possible pairwise
combinations of the 29 strains. One hundred seven strain
pair interactions were investigated in eight different experi-
ments. In each experiment, between three and five different
bacterial strains were evaluated, and every strain was inoc-
ulated as both an antagonist and a challenger. Antagonist
strains were inoculated onto leaves first (see below). Chal-
lenge strains were inoculated onto plants 3 days later and at
a lower inoculum concentration than antagonist strains. In a
single experiment, antagonist strains were either all Ice- or

all RifT. Challenge strains were Ice' or Rif' variants of the
antagonist strains. Each challenge strain in an experiment
was paired with all antagonist strains (both homologdus and
heterologous) in that experiment. Thus, in an experiment
evaluating four bacterial strains, 16 different strain pair
interactions were quantified (each strain as an antagonist
paired with each strain as a challenger). In addition, chal-
lenge strains were inoculated onto plants that had not been
inoculated with any antagonist strains as a control.

Plant inoculations. Bean (Bush Blue Lake 274) or corn
(Northrup King PX74 single-cross) seedlings were grown (10
plants per pot) for about 12 days in a greenhouse. Plants
were exposed to air movement by use of an oscillating fan to
facilitate structural development of the plants and to mini-
mize the duration of wetness on leaves following watering.
Care was taken to avoid wetting the leaves of plants during
watering operations. The population size of indigenous bac-
teria on the leaves of these plants was generally less than ca.

104 cells per g (fresh weight) at the time of inoculation, as

was observed in other studies (20).
Inocula ofP. syringae strains were grown on KB plates for

2 days at 24°C. Cells were removed from plates by scraping
and suspended in sterile distilled water. Inoculum concen-

trations were determined by use of a spectrophotometer, and
concentrations were adjusted by dilution with sterile distilled
water.
The antagonist inoculum was sprayed onto plants (ca. 1.0

ml per plant) at a concentration of 108 cells per ml with an

air-pressurized atomizer. Leaves were sprayed to runoff.
Plants were incubated in a humid chamber maintained at
21°C and misted intermittently to facilitate bacterial growth
and establishment. A set of misting nozzles operating at a

constant air pressure delivered jets of atomized distilled
water over the plants at 10-min intervals. The jets were

operated for 1 min every 10 min. Thus, the plants were kept
slightly moist during their entire incubation in the humid
chamber. After 3 days, plants were inoculated with a homol-
ogous or heterologous challenge strain at a concentration of

105 cells per ml by spraying to runoff as described above.
Plants were returned to the humid chamber and incubated
for 3 days at 21°C with periodic misting as described above.
Measurement of bacterial populations on leaves. For esti-

mation of bacterial population sizes, 18 to 30 leaves were
harvested from each of four pots (replicates) of plants from
each treatment. Leaves from each pot were weighed and
immersed in 200 ml of washing buffer (16) in 500-ml Erlen-
meyer flasks, and bacterial cells were removed by sonication
as described above.

In experiments in which Ice- antagonist strains and Ice'
challenge strains were evaluated, serial dilutions of leaf
washings were plated onto KBR amended with 100 ,ug of
cycloheximide per ml (Ice' parental strains were rifampin
resistant). Plates were incubated for 5 days at 21°C. Total
bacterial colonies enumerated on KBR provided estimates
for combined antagonist (Ice-) and challenge (Ice') popula-
tions. Ice' challenge strain populations were determined by
a replicate freezing technique as described previously (16),
and Ice- antagonist strain populations were estimated as the
difference between total KBR populations and Ice' popula-
tions. Even when present as a small percentage of total P.
syringae (less than 0.01%), Ice' (challenge) populations
could be accurately estimated by this procedure.

In experiments in which Rifs antagonist strains and Rif
challenge strains were evaluated, serial dilutions of leaf
washings were plated onto both KB and KBR, each
amended with 100 ,ug of cycloheximide per ml. Fluorescent
colonies characteristic of the inoculated strains were enu-
merated on KB plates incubated for 4 days at 24°C. These
counts represented estimates for the combined antagonist
and challenge populations. Nonfluorescent indigenous bac-
teria represented less than ca. 10% of the colonies recovered
on KB. Total colonies recovered on KBR were used as
estimates of Rif' challenge populations. Antagonist popula-
tions were thus estimated as the difference between charac-
teristic fluorescent colonies on KB and total colonies on
KBR. The plating efficiencies of the Rif' mutants were
compared on KB and KBR. There were no significant
differences in the plating efficiencies of the derivative strains
on the two culture media. Contaminating bacteria were
rarely recovered from greenhouse plants on KBR.

Analyses. (i) Quantifying strain interactions. The goals of
our analysis were to quantify differences in bacterial inva-
sion and exclusion abilities and to characterize the relation-
ships between invasion and exclusion abilities among
strains. One- and two-way analyses of variance (ANOVA)
(22) of log-transformed (7) estimates of challenge strain
population sizes were used to quantify the effects of different
antagonist strains on challenge populations and to quantify
the differences in colonization among challenge strains.
Significant interaction terms in two-way ANOVA indicated
specificity of interactions between antagonist and challenge
strains with respect to challenge strain population sizes.
One- and two-way ANOVA of log-transformed estimates

of antagonist strain population sizes were used to evaluate
differences in population sizes of antagonist strains in the
presence of different challenge strains. Significant interac-
tion terms in two-way ANOVA suggested that antagonist
strain population sizes are a function of both the antagonist
strain and the particular coexisting challenge strain.

(ii) Characterizing strains and summarizing relationships
among strain abilities. Because any single strain-strain inter-
action cannot distinguish challenge and antagonist strain
abilities (the challenge strain invades or the antagonist strain
does not exclude), characterization of a bacterial strain is
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based upon its pattern of interactions with a variety of
strains. Methodologically, a large single experiment in which
every strain is paired as an antagonist with every strain as a
challenger is not feasible. Thus, characterization is always in
relation to other strains within an experiment.

Statistically, we define invaders and excluders as follows.
A successful invader is a (challenge) strain that reaches a
mean population size in the presence of antagonists that is
not significantly different from the population size of that
challenge strain in the absence of any antagonist. This
definition is stringent in that strains that establish substantial
non-zero populations in the presence of an antagonist will
not be classified as successful invaders if the mean challenge
population over all antagonists is significantly smaller than
when no antagonist is present. A successful excluder is a
strain that, when present as an antagonist, restricts the mean
challenge population size to a significantly lower level than
that present in the absence of the antagonist. Excluder
strains need not completely prohibit the development of
challenge strains; they need only significantly reduce chal-
lenge strain population sizes.

Therefore, strains are characterized as successful invaders
on the basis of their ability to establish populations in the
presence of antagonists relative to their ability to establish
populations in the absence of antagonists. Similarly, antag-
onist strains are characterized as successful excluders when
they are able to reduce challenge population sizes signifi-
cantly in relation to challenge population sizes in the absence
of any antagonist. Although this approach precludes an
absolute ranking of bacterial strain invasion or exclusion
abilities among all experiments (not the objective of our
analysis), it allows the characterization of strains as success-
ful invaders or excluders and permits an evaluation of the
relationship between invasion and exclusion abilities among
strains over all experiments. Chi-square analysis was used to
quantify relationships among strain characteristics.

(iii) Population size relationships. Relationships between
the mean population sizes of each strain as a challenger and
as an antagonist provided another approach for investigating
strain interactions. Specifically, the population size of a
single challenge strain averaged over all antagonist strains in
an experiment provided a measure of the colonization ability
(incorporated both invasion ability and carrying capacity) of
the challenge strain (see challenge strain column means in
Table 1). A relatively high mean challenge population sug-
gested an effective colonist or invader. In the same manner,
the mean challenge population among all challenge strains in
the presence of a particular antagonist provided an index of
the exclusion ability of the antagonist (see challenge strain
row means in Table 1). A relatively high mean challenge
population indicated low exclusion ability for the antagonist.
An analysis of population sizes of antagonist strains in the

presence of challenge strains (see antagonist strain popula-
tions, Table 1) provided a measure of relative challenge
strain influences on antagonist populations (inhibition index;
see antagonist strain column means in Table 1) and a relative
index of antagonist strain abilities to maintain populations in
the presence of invading strains (see antagonist strain row
means in Table 1). A high antagonist column mean suggested
poor inhibition of antagonist populations by the challenge
strains. A high antagonist row mean suggested successful
colonization and establishment (maintenance) of the antag-
onist population in the presence of challenge strains.

Regression and correlation analyses of invasion, exclu-
sion, inhibition, and maintenance population data were
performed with SAS release 6.04 (SAS Institute, Cary,

N.C.) and were used to describe the relationships among
strain abilities for all strains studied. In addition, relation-
ships between challenge and antagonist populations for
individual strain pair combinations were evaluated by the
same techniques.

RESULTS

Quantifying strain interactions: an example. Table 1 illus-
trates the analyses used to quantify strain interactions for a
single experiment. In this experiment, there were significant
differences among the antagonist strains in ability to exclude
challenge strain populations (Table 1, challenge strain pop-
ulations; significant antagonist effect, P = 0.0001). In addi-
tion, the challenge strains showed significant differences in
ability to colonize leaves on which antagonist strain popula-
tions were established (Table 1, challenge strain populations;
significant challenge effect, P = 0.0001). A significant antag-
onist-challenge interaction term (Table 1, challenge strain
populations; P = 0.0001) in the two-way ANOVA for the
challenge populations indicated that exclusion of challengers
by antagonists and invasion by challengers were functions of
the particular competing strain.

Antagonist strains varied significantly in their mean pop-
ulation sizes in the presence of challenge strains (Table 1,
antagonist strain populations; P = 0.0001). However, mean
antagonist populations did not vary significantly in the
presence of different challenge strains (P = 0.1262). Still, for
some individual antagonist strains, population sizes did vary
significantly among challenge strains (e.g., strain 468; one-
way ANOVA, P < 0.05). There was no significant antago-
nist-challenger interaction (P = 0.4786). Therefore, the
ability of each antagonist strain to maintain high population
sizes in the presence of various challenge strains was fairly
consistent.

Quantifying strain interactions: summary. In all experi-
ments, there were significant differences among P. syringae
strains in their ability to establish populations on leaves
already colonized by antagonists (eight of eight experiments;
Table 2, challenge populations, challenge effect). There were
significant differences among antagonist strains in their ex-
clusion ability in seven of eight experiments (Table 2,
challenge populations, antagonist effect). Significant antago-
nist-challenge interaction terms in all experiments (Table 2,
challenge populations) indicated that the colonization ability
of a given challenge strain was dependent on the antagonist
strain present on the plant or that the exclusion ability of an
antagonist strain was dependent on the specific challenge
strain. Analyses were performed to evaluate whether the
ability of a challenge strain to invade a plant colonized by an
antagonist was consistently greater or less in the presence of
a homologous versus a heterologous antagonist strain. No
patterns were observed: strains were not consistently more
successful or less successful in invading plants colonized by
homologous rather than heterologous antagonists (full anal-
yses not shown; however, e.g., Table 1, challenge strain
populations, isogenic ANOVA, P = 0.3986).

Challenge strains had a significant influence on antagonist
population sizes in three of eight experiments (Table 2,
antagonist populations, challenge effect). There were signif-
icant differences in population sizes of P. syringae antago-
nists in seven of eight experiments (Table 2, antagonist
populations, antagonist effect). These may reflect differences
in the abilities of the antagonists to withstand invasion or
may reflect differences in carrying capacity among antago-
nists. Significant interaction terms in all experiments (Table
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TABLE 1. Mean population sizesa of challenge strains in the presence of different antagonist strains and antagonist strains in the
presence of different challenge strains

Population size (log CFU/g [fresh wt]) with the following challenge strain:
Populations and antagonist strain

468R 584R 563R 1199R Meanb

Challenge strain populations
468 5.11 3.98 3.80 4.99 4.47 A
584 1.02 4.36 3.82 4.48 3.42 C
563 2.73 4.00 4.09 3.73 3.64 BC
1199 4.10 4.59 3.80 3.93 4.11 AB
None 5.17 5.31 5.66 4.82 5.24 A
Meanc 3.63 B 4.45 A 4.23 A 4.39 A

Antagonist strain populations
468 5.43 6.01 5.93 5.57 5.74 B
584 6.06 6.21 6.12 5.89 6.07 A
563 6.28 6.10 6.20 6.27 6.21 A
1199 4.95 5.39 5.75 5.33 5.35 C
Meanc 5.68 B 5.93 AB 6.00 A 5.77 AB

a Log CFU per gram of leaf tissue, averaged over four replicates for each combination and based upon dilution plating of leaf sonicates. Challenge strains were
inoculated onto plants 72 h after antagonist strains. Population sizes for both antagonist and challenge strains were quantified 72 h after the challenge strains were
introduced.

b Values in the column for challenge strain populations or for antagonist strain populations that are followed by the same letter are not significantly different
(P < 0.05), as determined by Fisher's least-significant-difference (LSD) test. Two-way ANOVA results for both the challenge population data and the antagonist
population data indicated a significant antagonist effect in each case (P = 0.0001).

c Values in the row followed by the same letter are not significantly different (P < 0.05), as determined by Fisher's LSD test. Two-way ANOVA results for
the challenge strain population data indicated a significant challenge effect (P = 0.0001) and a significant antagonist-challenge interaction (P = 0.0001). Two-way
ANOVA results for the antagonist strain population data indicated no significant challenge effect (P = 0.1262) (Note that these results contrast with the results
of Fisher's LSD test, which controls the type I comparison-wise error rate but not the experiment-wise error rate) or challenge-antagonist interaction (P = 0.4786).

2, antagonist populations) indicated that, like challenge
population sizes, antagonist population sizes were partly a
function of a particular strain pair combination.

Characterizing strains and summarizing relationships
among strain abilities. Individual bacterial strains were char-
acterized as successful invaders or excluders on the basis of
their interactions with a random collection of bacterial
strains, as quantified by challenge strain population data.
For example, strain 1199 was a successful invader (Table 1,
challenge strain populations); the population of this strain
was not significantly smaller in the presence of antagonists
than in their absence. Strain 563 was not a successful
invader. However, strain 563 was a successful excluder; the
mean population size of challenge strains (when considered
for all challenge strains) was significantly smaller in the
presence of this antagonist than when no antagonist was
present. Strain 1199 was not a successful excluder. The
relationship between invasion and exclusion abilities among
all strains in all experiments was as follows: 5 successful and
10 nonsuccessful invaders were successful excluders, and 11

successful and 3 nonsuccessful invaders were nonsuccessful
excluders. Chi-square analysis of these data indicated that
invasion and exclusion abilities were not independent in the
P. syringae strains tested (X2 = 5.992; P = 0.014). Strains
that were successful invaders were significantly less likely to
be successful excluders than were strains that were not
successful invaders. There were, however, individual strains
that effectively invaded and excluded as well as strains that
neither invaded nor excluded successfully within these ex-

periments.
Analysis of population sizes. The mean population size of a

strain when inoculated as a challenge organism was posi-
tively correlated with the mean population size of challenge
strains coexisting with that strain when it was evaluated as
an antagonist (R = 0.854; P < 0.0001) (Fig. 1). Thus, the less
successful invaders were apt to be more successful exclud-
ers.
The mean population size of antagonists maintained in the

presence of a particular challenge strain was positively
correlated with the mean population size of that challenge

TABLE 2. Summary of two-way ANOVA results for all experiments showing significance levels for antagonist effect, challenge effect,
and antagonist-challenge interaction

P value in expt:
Populations and term

1 2 3 4 5 6 7 8

Challenge populations
Challenge effect 0.0016 0.0001 0.0082 0.0001 0.0001 0.0001 0.0001 0.0001
Antagonist effect 0.2100 0.0007 0.0089 0.0001 0.0008 0.0001 0.0001 0.0001
Interaction 0.0031 0.0001 0.0458 0.0001 0.0056 0.0001 0.0001 0.0001

Antagonist populations
Antagonist effect 0.0001 0.0187 0.0005 0.0001 0.0837 0.0001 0.0002 0.0001
Challenge effect 0.0030 0.1312 0.3295 0.1262 0.0016 0.0744 0.0924 0.0007
Interaction 0.0001 0.0375 0.1152 0.4786 0.0001 0.0130 0.0010 0.0001
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Mean population as challenge

6-

4-

3-

2-

0
0 1 2 3 4 5 6 7

Mean challenge size when antagonist
FIG. 1. Relationship for individual P. syringae strains between

the mean population size of each strain when inoculated as a
challenge strain and the mean population size of challenge strains
coexisting with that strain when it was evaluated as an antagonist (R
= 0.845; P < 0.0001). Relatively higher mean challenge populations
coexisting with an antagonist (abscissa) suggest less antagonist
exclusion ability; higher challenge populations of the indexed strain
(ordinate) suggest better colonization ability (invasion ability and
high carrying capacity).

strain when it was evaluated as an antagonist (R = 0.502; P
= 0.006) (Fig. 2). More effective inhibitors tended to be less
successful invaders (R = -0.587; P = 0.0008) and more
successful excluders (R = -0.595; P = 0.0007). Relation-
ships between other population measures were not statisti-
cally significant.
Mean population sizes of challenge strains when existing

alone on leaves were positively correlated with the mean
population size of each strain when coexisting with an
antagonist population (R = 0.7929; P = 0.0001) (Fig. 3).
However, population size of strains when existing alone on
leaves was not predictive of successful invasion (Fig. 3) or
successful exclusion as formally defined here.

Population sizes of individual challenge and antagonist

Inhibition
7

6.5

6

5.5 *

4.5 5.5 6 6.5 7

Maintenance
FIG. 2. Relationship for individual P. syringae strains between

the mean population size of antagonists coexisting with a strain used
as the challenge strain (inhibition) and the mean population size of
that strain used as an antagonist (maintenance) (R = 0.502; P =

0.006). Relatively higher values along the abscissa suggest superior
exclusion ability; higher values along the ordinate suggest inferior
invasion ability.

7

6

5

4

3

2

Mean log cfu/g invading

0 1 2 3 4 5 6 7

Log cfu/g alone
FIG. 3. Mean population size (log CFU/gram) of individual P.

syringae strains when present alone on leaves in relation to the mean
population size of each strain when present on leaves as a challenge
strain (challenge populations were averaged over all antagonist
combinations). Strains were distinguished on the basis of their
success as invaders and excluders (see text for definitions): *,

successful excluders, nonsuccessful invaders; +, successful invad-
ers, nonsuccessful excluders; Cl, successful invaders, successful
excluders; *, nonsuccessful invaders, nonsuccessful excluders.

strains coexisting on leaves were positively correlated when
all strains having coincidental populations (log CFU per
gram of leaf tissue) of >3 were considered (R = 0.2504; P =

0.02) (Fig. 4). However, for successful excluders, there was
a significant negative correlation between the antagonist and
coexisting challenge populations (R = -0.3699; P = 0.0097)
(Fig. 4). For nonsuccessful excluders, there was a significant
positive correlation between the population sizes of the
antagonist strains and the coexisting challenge strains (R =

0.5045; P = 0.0005). For successful invaders, there was a

significant positive correlation between the antagonist and
coexisting challenge populations (R = 0.5422; P = 0.0002)
(Fig. 5). Antagonist and coexisting challenge populations of
nonsuccessful invaders were not significantly correlated (R
= -0.1190; P = 0.4529) (Fig. 5).

7Log cfu/g challenge

3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

Log cfu/g antagonist
FIG. 4. Relationship between the mean population sizes (log

CFU/gram) of P. syringae antagonist and challenge populations
coexisting on the same leaves. Antagonist populations were distin-

guished on the basis of their success as excluders. Symbols: *,

successful excluders; +, nonsuccessful excluders.

+ 4

4i-

+ 4
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Logcfu/g challenge

3.5 4 4.5 5 5.5 6 6.5

Logcfu/g antagonist
7

FIG. 5. Relationship between the mean population size (log
CFU/gram) of P. syringae antagonist and challenge populations
coexisting on the same leaves. Challenge populations were distin-
guished on the basis of their success as invaders. Symbols:*,
successful invaders; +, nonsuccessful invaders.

DISCUSSION

Competitive exclusion as a strategy for phylloplane bio-
logical control has been investigated for several diseases (11,
14, 24). However, effective implementation has been ham-
pered by the lack of quantitative data on both the potential
impacts of competition on epiphytic population dynamics
and the prevalence and specificity of competitive interac-
tions on the phylloplane. For P. syringae strains, the pres-

ence of an established population can have a significant
quantitative influence on the ability of subsequently arriving
strains to establish populations on the leaf surface. The
significant variability in population sizes among P. syringae

strains on leaves in the presence of intraspecific antagonists
reflects differences in both the invasion ability and the
carrying capacity of the strains. The formal definition of
invasion (a successful invader is a challenge strain that
reaches a population size in the presence of antagonists that
is not significantly different from the population size reached
by that strain in the absence of any antagonist) distinguishes
invasion ability from population size alone. Thus, strains
with high challenge populations in the presence of antago-
nists were not necessarily successful invaders; nonsuccess-

ful invaders experienced significantly greater reductions in
population size in the presence versus in the absence of
antagonists than did successful invaders. In addition, popu-

lation size in the absence of an antagonist was not predictive
of invasion ability; successful invaders were not more likely
to have high populations in the absence of antagonists than
were nonsuccessful invaders. Invasion ability is not a simple
function of the propensity of a strain to grow on leaves.

Exclusion ability of P. syringae strains also is not simply
a function of population size, since strains that reached a

high population size when present alone on leaves were not

more likely to be successful excluders than other strains.
However, among the successful excluders, antagonist pop-

ulation size was significantly negatively correlated with
challenge population size, indicating that challenge strains
were inhibited most by large antagonist populations.

Although we have characterized individual strains as

successful invaders or excluders on the basis of their overall
interaction with a set of strains, the significant ANOVA
interaction terms in most experiments suggest a fair amount

of specificity in the interactions among individual strain
pairs. For example, even if an individual strain is described
as a successful invader, the population size attained by that
strain in the presence of an established antagonist population
will depend upon the particular antagonist. This specificity
among individual strain pairs suggests that it is unlikely that
a single bacterial strain will be capable of either invading
plants colonized by any one of all possible antagonist strains
or excluding all possible challenge strains. Despite this
specificity, there were distinct differences among strains in
invasion and exclusion, indicating that it is possible to
identify strains that are most likely to be effective competi-
tors against particular target populations on the phylloplane.
Though invasion and exclusion abilities certainly exist along
a continuum, the formal definitions of invasion and exclusion
used here present one possible strategy for identifying the
best invaders or excluders.

Several mechanisms may mediate successful invasion or

exclusion among coexisting bacteria on the phylloplane.
Successful invaders may produce antibiotics that inhibit
antagonist populations or may have high competitive ability
relative to the antagonist strains. Alternatively, successful
invasion might suggest that coexisting strains are not com-

peting because shared resources are not limiting (the re-
source use patterns are nonoverlapping or the shared re-

sources are not limiting growth). Previous work indicated
that after 3 days of incubation, bacterial populations on
leaves no longer increased, suggesting that some resource(s)
had become limiting. However, for successful invaders, the
significant positive correlation between mean antagonist and
challenge population sizes suggests that most of these strains
were not competing for identical resources. Successful in-
vaders tended to coexist with already established antagonist
populations. For nonsuccessful invaders, there were no

significant correlations between antagonist and challenge
populations.

Successful excluders presumably compete with subse-
quent arrivals through either direct resource competition or

antibiosis. The significant negative correlation between an-

tagonist population size and challenge population size among
individual strain pairs in which the antagonist was a success-

fully excluding strain indicates that larger antagonist popu-

lations had larger impacts on challenge strains. However,
this suggestion does not distinguish among resource compe-

tition, antibiosis, or habitat alteration as possible mecha-
nisms of exclusion.

Antagonist strains that were nonsuccessful excluders were

not simply less effective competitors than the challenge
strains in these experiments. Among the nonsuccessful
excluders, the significant positive correlation between paired
antagonist and challenge population sizes suggests that
shared resources were not limiting on leaves with high
populations of both strains or that the resource needs of the
strains differed (and the amounts of the distinct resources on

separate leaves were positively correlated). Nonsuccessful
excluders tended to coexist with challenge strains.
The nonindependent relationship between invasion and

exclusion abilities for individual strains may reflect the
mechanisms of interaction among strains rather than any

relationship among specific traits that make a strain a supe-

rior invader or a superior excluder (6). Specifically, strains
that are successful invaders but nonsuccessful excluders are

likely limited by resources different from those that limit

coexisting strains. Thus, these strains can readily invade
leaves on which substantial antagonist populations have

already been established because required resources have
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not already been appropriated by the antagonist. Because
these strains are not competing, the successful invader is
also a nonsuccessful excluder. By the definitions used in this
study, approximately 38% of the P. syringae strains evalu-
ated in these experiments successfully coexisted with coin-
oculated strains (successful invasion, nonsuccessful exclu-
sion), showing no significant reductions in population size as
a function of the presence of a second P. syringae strain.
About 35% of the bacterial strains studied were catego-

rized as successful excluders but nonsuccessful invaders.
This combination suggests that these strains were competing
directly for resources on the phylloplane and that the order
of their arrival was important in determining their success on
the leaf. Alternatively, members of this group may have
produced antibiotics or altered the phylloplane habitat in
such a way as to exclude subsequent arrivals. Regardless of
the specific mechanism, the order of arrival on the leaf
determined the outcome of the interaction for these strains.
Only about 10% of P. syringae strains were both nonsuc-

cessful invaders and nonsuccessful excluders. These strains
were not necessarily ineffective colonists when present
alone on leaves; two of the three strains reached population
sizes significantly larger than those of other strains in the
same experiment. However, these strains were apparently
poor competitors under the conditions of these experiments.
These strains may be very sensitive to antibiosis or to habitat
changes induced by competitors or may have a very narrow
resource utilization pattern and require resources that many
other strains share.

Five strains (17%) were successful both as invaders and as
excluders. These strains were possibly the best competitors
of all the strains. They may be capable of using a wide range
of resources, so that if one strain has preemptively used sites
or nutrients on leaves, these strains may substitute others.
Likewise, they may preemptively use all resources that
other strains could use. An alternative possibility is that
these strains produce antibiotics or alter the phylloplane
habitat during the colonization process, allowing them both
to invade already occupied habitats and to exclude subse-
quent arrivals from these habitats. The data do not distin-
guish among these mechanisms of interaction.
Although not directly applicable to biological control in

the field (26), these data have implications for the use of
competitive exclusion as a mechanism for biological control
on the phylloplane. The constant environmental conditions
over the 6-day time period of each experiment were designed
to heighten resource limitations and enhance possibilities for
resource competition under conditions favorable for bacte-
rial growth. Such constant physical conditions are probably
rare in a field setting. However, nutrient addition has been
shown to alter population sizes in the field (19), suggesting
that resource competition may sometimes be important on
plant surfaces in the field. These data indicate that when
resource availability is limiting, presumably during extended
periods of conditions favoring bacterial growth, intraspecific
competitive interactions (resource competition, antibiosis,
or habitat alteration) can have a significant quantitative
influence on epiphytic bacterial population sizes.

In pairwise combinations, approximately 52% of strains
were effective at competitively excluding subsequent arriv-
als. For the majority of these strains (67%), the order of
arrival on the leaves was important, since they themselves
were not effective at invading leaves on which large popu-
lations had already developed. Thus, in relation to biological
control, the establishment of competitive excluders prior to
the arrival of significant populations of other bacteria may be

important in minimizing the growth of immigrant strains (9).
In the search for a single potential biological control organ-
ism, regardless of the mechanism of biological control (re-
source competition, antibiosis, or habitat alteration), first
consideration should be given to strains that are both effec-
tive excluders and effective invaders. These strains, by
implication, are superior colonists for which the order of
arrival on leaves is not limiting. Also, although we noted that
population size itself is not predictive of invasion or exclu-
sion ability, among the successful excluders, selection of
those that reach the highest population sizes is likely to lead
to the greatest level of inhibition of invading populations.
Most of the nonsuccessful competitive excluders coex-

isted with invading strains without any apparent negative
influences on either strain, and 79% of nonsuccessful exclud-
ers were also successful invaders. This somewhat surpris-
ingly high proportion of successful coexisting strains likely
reflects the diversity of niches and resource utilization
patterns among epiphytic bacteria (19).

Overall, this work highlights the diversity among P. synin-
gae strains in abilities to compete and coexist with one
another. The skeptic might conclude that this diversity and
the observed specificity of interactions indicate that biolog-
ical control of plant disease based on competition is unlikely
to meet with widespread success. However, although the
data suggest that it is unlikely that a single bacterial strain
will be effective in excluding all possible colonists, an
alternative outlook is possible. The observation that many P.
syringae strains coexist successfully with others on the
phylloplane could be used to the advantage of biological
control practitioners. Complementary P. syringae strains
that coexist well with one another could be sought for
biological control. Thus, rather than attempting to exclude
all possible immigrants with a single biological control strain,
researchers should seek complementary strains that together
exclude a wider range of strains than any single biological
control agent. In addition, knowledge of the pathogen target
population could be used to select particular combinations of
biological control strains effective in excluding the specific
target population. Towards this end, this work provides a
strategy for quantifying the differences among P. syningae
strains in abilities to invade, exclude, and coexist with others
on the phylloplane and provides insight into the mechanisms
of interaction that mediate these abilities.
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