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The levels of coexistence between Pseudomonas syringae and various nonpathogenic epiphytic species in the
phyllosphere of beans (Phaseolus vulgaris) were assessed by using replacement series. The epiphytic species
Pseudomonas fluorescens, Pantoea agglomerans, Stenotrophomonas maltophilia, and Methylobacterium organophi-
lum were all capable of exhibiting higher levels of coexistence with P. syringae than was observed with a

near-isogenic P. syringae strain pair. The ecological similarity of the epiphytes was estimated with niche overlap
indices derived from in vitro carbon source utilization profiles. The level of coexistence of the epiphytes was

inversely correlated with the ecological similarity of the strains. Hence, the level of coexistence between the
epiphytes was proportional to the degree of niche differentiation, defined as the ability to utilize carbon sources

not utilized by a competing strain. Comparisons of utilization profiles for groups of carbon sources (amino
acids, organic acids, and carbohydrates) indicated the types of carbon sources for which the strains likely
competed in the bean phyllosphere. P. fluorescens and P. syringae strains probably competed for most carbon
sources. S. maltophilia and M. organophilum strains probably competed with P. syringae for most organic acids
but few amino acids or carbohydrates. P. agglomerans strains probably competed with P. syringae for most
amino acids and organic acids but few carbohydrates. A variable level of coexistence observed between P.
agglomerans and P. syringae probably reflected the variability in abundance in the bean phyllosphere of the
carbohydrates that P. agglomerans utilized exclusively.

Leaf surfaces of plants in terrestrial ecosystems are colo-
nized by epiphytic communities of bacteria, yeasts, and fila-
mentous fungi. Many factors have been suggested to be
involved in determining the species composition of such com-

munities, including availability of immigrant inoculum (30, 31,
35), host plant species (48), host plant phenology or leaf age

(7), leaf position (3), and physical environmental conditions
(48). The dynamics of individual populations within the epi-
phytic community are determined by rates of immigration,
emigration, growth, and death (27, 30). A community, how-
ever, is more than an assemblage of independent populations
and may be defined by the presence of interactions between its
individual components. Evidence for such interactions in the
epiphytic microbial community is plentiful and originates
primarily from the literature on the biological control of
phytopathogenic bacteria and fungi, and it includes antibiosis
(24), hyperparasitism (33), and nutrient competition (2, 40).
The phyllosphere is generally considered to be a nutrient-

limited environment (2). Nutrients, including carbohydrates,
organic acids, and amino acids, are leached or exuded from the
leaf interior into the phyllosphere. The quantities of nutrients
leached or exuded from the leaf, however, are affected by leaf
age, leaf physiological status, and the presence of tissue
damage (13, 21, 25, 44, 51-53). Suggestions that the epiphytic
community is nutrient limited come from studies in which
exogenous applications of nutrients to the phyllosphere have
resulted in increases in epiphytic population sizes (5, 17, 23).
Populations of the epiphytic bacterium Pseudomonas syringae
were shown to be more limited by the availability of carbon
than by the availability of nitrogen (56). Competition for
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limiting nutritional resources has been reported between bac-
teria and germinating fungal spores (9, 10, 18, 42), between
yeasts (8, 22), and between yeasts and phytopathogenic fungi
(17, 23).
The de Wit replacement series (26) has been used exten-

sively in plant ecology to study the nature of competitive
interactions between plant species. In this substitutive design,
two species are planted in mixtures of various proportions but
at a constant total density and the yield of each species is
determined at harvest (26). Such studies have provided impor-
tant insights into niche differentiation and differential resource

utilization among plant species. In microbial ecology the
replacement series has been used to study the competitive
interactions between phytopathogenic fungi (1) and between
epiphytic bacteria (56). We previously used the replacement
series to demonstrate competition for limiting nutritional
resources between epiphytic P. syringae strains in the potato
phyllosphere (56). The epiphytic P. syringae strains were all
isolated from healthy potato leaves at one geographic location,
were ecologically similar (as estimated from in vitro carbon
source utilization profiles), and competed for limited carbon in
the phyllosphere. These strains therefore exhibited low levels
of coexistence in replacement series experiments. In a study of
P. syringae strains isolated from diverse hosts and geographic
areas, however, levels of coexistence were strain pair specific,
possibly indicating ecological niche differentiation (32). On
potato leaves, the epiphyte Pseudomonas fluorescens A506
exhibited a high level of coexistence with P. syringae in
replacement series experiments (56). This was suggested to
result from nutritional resource partitioning, or the ability of P.
fluorescens A506 to utilize abundant carbon sources in the
potato phyllosphere that were not utilized by P. syringae (56).

Epiphytic bacterial communities in the phyllosphere consist
of diverse genera (4, 15, 19, 54) exhibiting diverse nutrient
utilization patterns (19, 45, 46). Morris and Rouse (46) deter-
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mined the nutrient utilization profiles of randomly selected
epiphytic bacterial strains from individual snap bean leaflets.
While some leaflets supported epiphytic communities with
numerous different nutrient utilization patterns, other leaflets
supported communities with only a few different nutrient
utilization patterns. The occurrence of niche differentiation
between P. fluorescens and P. syringae (56) suggests that the
coexistence of populations in the communities on snap beans
described by Morris and Rouse (46) was mediated through
nutritional resource partitioning between strains with different
nutrient utilization patterns. While coexistence between com-
munity members can be mediated through mechanisms other
than niche differentiation, such as temporal or spatial separa-
tion or patchiness of the environment, coexistence through
niche differentiation has been demonstrated to occur in both
plant (20) and insect (47) communities.

In this study we tested the hypotheses that coexistence
among epiphytic bacterial populations can be mediated
through nutritional resource partitioning, that the level of
coexistence is proportional to ecological niche differentiation
in nutritional resource utilization, and that competition for
limited quantities of carbon sources is one factor determining
the composition of epiphytic communities.

MATERIALS AND METHODS

Bacterial strains. All of the strains used in this study were
isolated from healthy plant material and were nonpathogenic
on beans (Phaseolus vulgaris). The origin and biochemical and
ecological characteristics of P. syningae TLP2 and Cit7 have
been described previously (36), as has the construction of the
Ice- derivatives of these strains, TLP2dell (36) and Cit7::xylE
(11), respectively. The origin and characteristics of P. fluores-
cens A506 have also been described previously (55). Pantoea
agglomerans (Erwinia herbicola) 299R was isolated from a
healthy pear leaf (Pyrus communis). P. agglomerans (E. herbi-
cola) WHL9 was isolated from a healthy hawthorn leaf (Cra-
taegus monogyna). Stenotrophomonas maltophilia (Xanthomo-
nas maltophilia) BP1 was isolated from a healthy potato leaf
(Solanum tuberosum) in Berkeley, Calif. Methylobacterium
organophilum SH1PK was isolated from a healthy bean leaf (P.
vulgaris) in Madison, Wis., and was provided by S. S. Hirano.

Preparation of bacterial inocula and plant inoculation.
Bacterial strains were cultured on King's medium B (KB) (29)
for 18 h at 28°C. Bacterial cells were scraped from the plate
and suspended in phosphate buffer (0.01 M, pH 7.0). The cell
suspensions were adjusted turbidimetrically to the appropriate
concentration. Replacement series experiments were con-
ducted as described previously (56), with minor modification.
Appropriate volumes of the cell suspensions were combined in
six different proportions (strain A to strain B, 0:1, 0.2:0.8,
0.4:0.6, 0.6:0.4, 0.8:0.2, and 1:0) at a constant total concentra-
tion of 106 CFU/ml. Five replicate pots, each containing 10
bean plants (P. vulgaris cv. Bush Blue Lake 274), were sprayed
with the inoculum mixtures. The pots were covered with plastic
bags to maintain a high relative humidity, randomized within
the growth chamber, and incubated for 72 h at 26°C. All
replacement series experiments were repeated at least twice.
Enumeration of bacterial populations. Twenty leaves were

collected randomly from each treatment, and individual leaves
were placed in 20 ml of sterile washing buffer (0.1 M potassium
phosphate buffer containing 0.1% Bacto Peptone, pH 7.0) in a
glass tube. The tubes were sonicated in an ultrasonic cleaning
bath for 7 min to dislodge the epiphytic microbial populations
and vortexed briefly to suspend the cells. Serial dilutions of leaf
washings were plated on KB amended with 100 ,ug of cyclo-

heximide per ml and 50 ,ug of benomyl (Benlate; Du Pont) per
ml in addition to a strain-specific selective antibiotic. P.
syringae Cit7 and Cit7::ylE were enumerated on KB amended
with 100 ,ug of rifampin per ml. P. syringae Cit7::ylE was dis-
tinguished from Cit7 by its yellow coloration when treated with
catechol as described previously (56). P. syringae TLP2dell, P.
fluorescens A506, and P. agglomerans 299R were enumerated
on KB amended with 100 jig of rifampin per ml. These strains
were distinguished from P. syringae TLP2del1 in coinoculations
on the basis of distinctive colony morphologies. No in vitro
inhibition which could have affected colony enumeration was
exhibited by any of these strains on KB. P. agglomerans WHL9
and M. organophilum SHlPK were enumerated on KB amend-
ed with 50 ,ug of nalidixic acid per ml. S. maltophilia BP1 was
enumerated on KB amended with 30 jig of erythromycin per
ml. Epiphytic bacterial population sizes were expressed as
CFU per gram (fresh weight) of leaf tissue. The mean loglo-
transformed population size of each strain pair was estimated
from 20 individual leaves for each treatment. In replacement
series experiments, the arithmetic back-transformed mean of
the logl0-transformed population size and the arithmetic back-
transformed mean of the loglo-transformed total population
size were plotted against the inoculum proportion.

In a replacement series between two strains which compete
equally for all the same limiting resources, there is a linear
relationship between population size and inoculum proportion
(i.e., the population size is predictable from the population size
when inoculated alone and from the inoculum proportion).
Further, the total population size of the strain pair is constant
and is equal to the sum of the expected population sizes of the
two strains (26). An increased level of coexistence of one strain
with respect to the other is indicated by (i) a significant positive
deviation from linearity in the relationship between population
size and inoculum proportion and (ii) a total population size
which is not constant over all proportions but is greater in the
coinoculations than when a single strain is inoculated alone. To
test the linearity of the relationship between population size
and inoculum proportion, the following model was used: loglo
(population sizei1) - loglo (i) = meani + normal errori1, where
i is the inoculum proportion and j is the leaf replicate. In this
model, the population size is lognormally distributed and the
relationship is linear only if all the means are equal. By analysis
of variance (Proc GLM in SAS release 6.01; SAS Institute,
Cary, N.C.), equality of the means was determined by an F test.
The level of coexistence between P. syringae TLP2dell and
each epiphytic strain in the replacement series was compared
statistically to the null situation (competition for all resources)
by the statistical model described. The level of coexistence in
replacement series was additionally quantified by calculation of
the relative yield (ratio of population size when coinoculated
to population size when inoculated alone) (RY) and the
relative yield total (RYT) (RYT = RYstrain 1 + RYstrain 2) for
each strain pair. For those strain pairs in which there was a
large differential in population sizes in the replacement series,
the RY and RYT were additionally plotted against inoculum
proportion. For those strain pairs exhibiting similar population
sizes, however, RY and RYT were not plotted, because the
graphs appear similar to those of population size plotted
against inoculum proportion. A RYT of 1.0 indicates a low
level of coexistence, while a RYT of greater than 1.0 indicates
an increased level of coexistence and a RYT of 2.0 indicates
complete coexistence (i.e., both strains achieved the same
population when coinoculated as when inoculated alone) (26).

In vitro carbon source utilization profiles. The bacterial
strains were tested for their ability to catabolize 154 different
compounds as sole carbon sources (see Table 2). The carbon

VOL. 60, 1994

 on July 9, 2017 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


4470 WILSON AND LINDOW

0)

1-.

0

-

I,,-

C)
0.

0

0-

1.4

1.2

1

0.8

0.6

0.4

0.2

0

1.4 2,

1.2 CO

1

0.8

0.6 ,_.-

0
0.46)0
0.2

CL

0 0.2 0.4 0.6 0.8 1

Proportion of Cit7::xyIE
FIG. 1. Competition between P. syringae Cit7 and Cit7::ylE. The

population sizes of Cit7 (squares) and Cit7::xylE (triangles) and the
total population size (circles) are plotted against inoculum proportion.
The dashed lines represent the expected populations based upon the
population size when inoculated alone and the inoculum proportion.
Population sizes of both isogenic strains deviated significantly from
linearity (for Cit7, F = 3.15 and P = 0.0178; for Cit7::xylE, F = 5.09
and P = 0.009).

sources were incorporated individually into minimal medium
A (43) at a concentration of 10 mM. For auxotrophic S.
maltophilia BP1, methionine, lysine, and threonine (50 ,ug/ml)
were also added to minimal medium A. Bacterial strains were
cultured on KB for 18 h at 28°C. Bacterial cells were scraped
from the plate and suspended in phosphate buffer (0.01 M, pH
7.0). The cell suspensions were adjusted turbidimetrically to
approximately 5 x 107 cells per ml, and 15 ,u1 was spotted onto
one plate of minimal medium A containing each carbon
source. Plates were incubated for 72 h at 28°C before being
scored for the presence or absence of growth.

RESULTS

Replacement series between P. syringae and the other epi-
phytic species. Replacement series experiments were con-
ducted with the near-isogenic P. syringae strain pair Cit7 and
Cit7: xylE (see Fig. 1) and with P. syringae TLP2dell and each
of the epiphytic bacterial strains P. fluorescens A506 (see Fig.
2), P. agglomerans 299R (see Fig. 3), P. agglomerans WHL9
(see Fig. 4), S. maltophilia BP1 (see Fig. 5), and M. organophi-
lum SH1PK (see Fig. 6). The statistical model described above
was used to test the relationship between population size and
inoculum proportion. The statistical test proved to be very
sensitive for detection of significant deviations from linearity
(P < 0.05); indeed most of the populations exhibited signifi-
cant deviations from linearity. There was, however, generally a
correlation between the F value derived from the analysis of
variance and the extent of deviation from linearity, and some
strains exhibited very low F values.
The near-isogenic P. syringae strain pair Cit7 and Cit7: xylE

exhibited a low level of coexistence in the replacement series
on beans (Fig. 1 and Table 1). In the replacement series
between P. syringae TLP2dell and P. fluorescens A506 on
beans, the population size of P. fluorescens A506 was signifi-
cantly larger than the population size of P. syringae TLP2dell
when inoculated alone; hence, the RY, as well as the popula-
tion size, was plotted against inoculum proportion (Fig. 2A and

TABLE 1. Levels of coexistence between P. syringae
TLP2dell and epiphytic species determined from

replacement series experiments

Figure Strain Mean RY' Mean RYITb

1 P. syringae Cit7 0.497 0.860
P. syningae Cit7::ylE 0.363

2 P. syringae TLP2dell 0.635 1.404
P. fluorescens A506 0.686

3A P. syringae TLP2dell 0.532 0.920
P. agglomerans 299R 0.388

3B P. syningae TLP2del1 0.708 1.546
P. agglomerans 299R 0.837

3C P. syringae TLP2deI1 0.514 1.711
P. agglomerans 299R 1.196

4A P. syringae TLP2dell 0.584 1.158
P. agglomerans WHL9 0.574

4B P. syringae TLP2dell 0.807 1.294
P. agglomerans WHL9 0.487

S P. syringae TLP2dell 0.723 1.596
S. maltophilia BP1 0.872

6 P. syringae TLP2dell 0.912 1.957
M. organophilum SH1PK 1.045

a Level of coexistence of one strain in a figure with respect to the other
determined from the mean of RYs for the four inoculum proportions containing
both strains.

b Level of coexistence of both strains in a figure determined from the mean of
the RYTs for the four inoculum proportions containing both strains. A mean RY
of approximately one or a mean RYT of approximately two indicates complete
coexistence of one strain with the other.

B, respectively). P. fluorescens A506 and P. syringae TLP2dell
both exhibited a significantly higher level of coexistence than
the near-isogenic P. syningae strain pair (Fig. 2 and Table 1).
The population sizes of P. agglomerans 299R and P. synngae
TLP2del1 were similar when inoculated alone; hence, only the
population size and not the RY was plotted against inoculum
proportion (Fig. 3). The level of coexistence exhibited by P.
agglomerans 299R and P. syringae TLP2dell was variable
between experiments conducted at different times of the year.
The interaction was variously characterized by a low level of
coexistence of both strains (Fig. 3A and Table 1), a high level
of coexistence of both strains (Fig. 3B and Table 1), and a low
level of coexistence of TLP2dell with respect to 299R plus a
high level of coexistence of 299R with respect to TLP2dell
(Fig. 3C and Table 1). The population sizes of P. agglomerans
WHL9 and P. syringae TLP2dell were also similar when
inoculated alone (Fig. 4). The level of coexistence exhibited by
P. agglomerans WHL9 and P. syringae TLP2dell was also
variable in different experiments and included a low level of
coexistence of both strains (Fig. 4A and Table 1) and a low
level of coexistence of WHL9 with respect to TLP2dell plus a
high level of coexistence of TLP2dell with respect to WHL9
(Fig. 4B and Table 1). The population size of S. maltophilia
BP1 was significantly larger than the population size of P.
syringae TLP2dell when inoculated alone; hence, the RY, as
well as the population size, was plotted against inoculum
proportion (Fig. 5A and B, respectively). S. maltophilia BP1
and P. syringae TLP2dell both exhibited a high level of
coexistence with respect to each other (Fig. 5B and Table 1).
The population size of P. syringae TLP2dell was significantly
larger than the population size of M. organophilum SH1PK
when inoculated alone; hence, the RY, as well as the popula-
tion size, was plotted against inoculum proportion (Fig. 6A and
B, respectively). M. organophilum SH1PK and P. syringae
TLP2dell both exhibited a high level of coexistence with
respect to each other (Fig. 6B and Table 1).
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FIG. 2. Competition between P. syringae TLP2dell and P. fluore-

scens A506. (A) The population sizes of TLP2dell (squares) and A506
(triangles) and the total population size (circles) are plotted against
inoculum proportion. The dashed lines represent the expected popu-
lations based upon the population size when inoculated alone and the
inoculum proportion. The population size of TLP2dell did not deviate
significantly from linearity (F = 1.08; P = 0.3725). The population size
of A506 deviated significantly from linearity (F = 9.08; P = 0.0001).
(B) The RYTLp2del1 (squares), RYA506 (triangles), and RYT (circles)
are plotted against inoculum proportion.

Nutrient addition in the phyllosphere. Amendment of the
phyllosphere with certain amino acids at the time of inocula-
tion with the epiphytic strains P. syringae TLP2dell and P.
agglomerans 299R resulted in final population sizes of those
strains significantly larger than sizes in the absence of the
nutrient amendments (Fig. 7). In one experiment the popula-
tion size of P. syringae TLP2dell was significantly enhanced by
the amino acids alanine, arginine, asparagine, aspartic acid,
glutamic acid, histidine, phenylalanine, proline, and serine
(Fig. 7A), while in another experiment (data not shown)
significant enhancement was additionally observed with glu-
tamine but not observed with phenylalanine. In vitro P. syringae
TLP2dell catabolized all of these amino acids except for
phenylalanine as sole carbon sources. The population size of P.
agglomerans 299R was significantly enhanced by the amino
acids alanine, asparagine, aspartic acid, glutamic acid, glu-
tamine, histidine, and proline (Fig. 7B), and in vitro P.
agglomerans catabolized all these amino acids as sole carbon
sources. With the exception of phenylalanine in one experi-
ment, epiphytic population sizes were significantly increased
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FIG. 3. Competition between P. syringae TLP2dell and P. agglom-

erans 299R in three different experiments. The population sizes of P.
syringae TLP2dell (squares) and P. agglomerans 299R (triangles) and
the total population size (circles) are plotted against inoculum propor-
tion. (A) Both population sizes deviated significantly from linearity
(for TLP2dell, F = 4.65 and P = 0.019; for 299R, F = 3.69 and P =

0.008). (B) Both population sizes deviated significantly from linearity
(for TLP2dell, F = 14.43 and P = 0.0001; for 299R, F = 44.32 and P
= 0.0001). (C) Both population sizes deviated significantly from
linearity (for TLP2dell, F = 31.87 and P = 0.0001; for 299R, F = 3.02
and P = 0.028). The dashed lines represent the expected populations
based upon the population size when inoculated alone and the
inoculum proportion.
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erans WHL9 in two different experiments. The population sizes of P.
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the total population size (circles) are plotted against inoculum propor-
tion. (A) Both population sizes deviated significantly from linearity
(for TLP2dell, F = 22.84 and P = 0.001; for WHL9, F = 12.37 and P
= 0.0001). (B) Both population sizes deviated significantly from
linearity (for TLP2dell, F = 4.94 and P = 0.0012; for WHL9, F = 3.15
and P = 0.0178). The dashed lines represent the expected populations
based upon the population size when inoculated alone and the
inoculum proportion.

only by those compounds which were catabolized in vitro as
sole carbon sources, and all the amino acids that were catab-
olized in vitro as sole carbon sources significantly increased the
population size.

Ecological similarity and coexistence. In order to estimate
niche similarity of the epiphytic species in an ecologically
significant resource dimension, in vitro carbon source utiliza-
tion profiles were compared and niche overlap indices (NOIs)
were derived (56). The epiphytes were tested for their ability to
utilize each of 154 different compounds as a sole carbon source
(Table 2). The NOI was defined in this study as the number of
carbon sources utilized by both strains as a proportion of the
total number of carbon sources utilized by the strain in
question (56). NOIs were estimated for each strain in a pair
(Table 3). While NOIs derived from total carbon source
utilization data provided information on the degree of ecolog-
ical similarity of the strains, the NOIs derived from groups of
carbon sources (amino acids, organic acids, or carbohydrates)
provided information on the overlap in ability to catabolize
those compounds (Table 3). For example, in vitro P. fluore-
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FIG. 5. Competition between P. syringae TLP2dell and S. malto-

philia BP1. (A) The population size of P. syringae TLP2dell (squares),
the population size of S. maltophilia BP1 (triangles), and the total
population size (circles) are plotted against inoculum proportion. Both
population sizes deviated significantly from linearity (for TLP2dell, F
= 39.52 and P = 0.0001; for BP1, F = 23.74 and P = 0.0001). The
dashed lines represent the expected populations based upon the
population size when inoculated alone and the inoculum proportion.
(B) The RYTLP2d.11 (squares), RYBP1 (triangles), and RYT (circles)
are plotted against inoculum proportion.

scens A506 utilized 100% of the carbohydrates (NOITLP2deI1 =
1.000), 90% of the amino acids (NOITLP2de11 = 0.900), and
87% of the organic acids (NOITLP2dell = 0.870) utilized by P.
syringae TLP2dell. P. syringae TLP2dell in turn utilized 56% of
the amino acids, 69% of the organic acids, and 88% of the
carbohydrates utilized by P. fluorescens A506. In another
example, P. syringae utilized 100% of the amino acids and 94%
of the organic acids but only 41% of the carbohydrates utilized
by P. agglomerans 299R. P. agglomerans 299R utilized 100% of
the carbohydrates but only 65% of the organic acids and 70%
of the amino acids utilized by P. syringae. The strain pair S.
maltophilia BP1 and P. syringae TLP2dell and the strain pair
M. organophilum SH1PK and P. syringae TLP2dell showed low
NOIs for all of the carbon sources, but particularly the amino
acids and carbohydrates.
The level of coexistence of each strain, the mean RY in the

replacement series (Table 1), was regressed against the eco-
logical similarity of the strains, the NOI derived from the total
carbon source utilization profile (Table 3 and Fig. 8A). The
level of coexistence of each strain with respect to the other was
inversely correlated with the ecological similarity of each strain
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FIG. 6. Competition between P. syringae TLP2dell and M. or-

ganophilum SH1PK. (A) The population size of P. syningae TLP2dell
(squares), the population size of M. organophilum SH1PK (triangles),
and the total population size (circles) are plotted against inoculum
proportion. Both population sizes deviated significantly from linearity
(for TLP2dell, F = 11.80 and P = 0.001; for SH1PK, F = 17.71 and P
= 0.001). The dashed lines represent the expected populations based
upon the population size when inoculated alone and the inoculum
proportion. (B) The RYTLp2dell (squares), the RYSHIPK (triangles),
and the RYT (circles) are plotted against inoculum proportion.

with respect to the other (Fig. 8A). The slope of the regression
approximated that modeled by our theory (Fig. 8A). The level
of coexistence of each strain pair, the mean RYT in the
replacement series (Table 1), was plotted against the ecologi-
cal similarity of the strains, the mean NOI of the two strains
derived from the total carbon source utilization profile (Table
3 and Fig. 8B). The average level of coexistence of the strain
pair was inversely correlated with the average ecological
similarity of the strain pair (Fig. 8B). The slope of the
regression approximated that modeled by our theory (Fig. 8B).

DISCUSSION

Complete coexistence of one epiphytic bacterial strain with
another is defined in this study as the ability of that strain to
achieve the same population size in the presence of the
competing strain as in its absence. Usually, however, the level
of coexistence of one strain with respect to another falls on a

continuum between complete competition (populations lim-
ited by the same resources) and complete coexistence (popu-
lations limited by different resources). Further, the two strains

in a pair do not necessarily exhibit the same level of coexist-
ence with respect to each other. When the levels of coexistence
between P. synngae TLP2dell and the other epiphytic strains
were assessed by the replacement series methodology, different
levels of coexistence between the strains were observed. The
epiphytic strains P. fluorescens A506, P. agglomerans 299R and
WHL9, S. maltophilia BP1, and M. organophilum SH1PK all
exhibited higher levels of coexistence with P. syringae TLP2-
dell in the bean phyllosphere than was observed with the
near-isogenic P. syringae strain pair under the same conditions.
S. maltophilia BP1 and P. fluorescens A506 also exhibited a
high level of coexistence with P. syringae TLP2dell in the
potato phyllosphere, and S. maltophilia exhibited a high level
of coexistence with P. syringae Cit7dellb in both the bean and
potato phyllospheres (unpublished data). This suggests that
the higher level of coexistence of these epiphytic strains was
not restricted to a single host or P. syringae strain.
The high levels of coexistence observed in these strain pairs

suggests the existence of niche differentiation between P.
syringae and the other epiphytic strains. The ecological simi-
larity of the strains was estimated with NOIs. The intensity of
competition in microbial interactions can be correlated with
ecological niche overlap only if the overlap is measured in a
limiting resource dimension (28, 34,49). Epiphytic populations
on greenhouse-grown plants maintained under constant envi-
ronmental conditions were limited by carbon availability;
hence, NOIs derived from total in vitro carbon source utiliza-
tion profiles provided a good estimate of the in planta ecolog-
ical similarity of the strains (56). The NOIs, and ecological
similarity, of the epiphytic strains of P. fluorescens, P. agglom-
erans, S. maltophilia, and M. organophilum with respect to P.
syringae were lower (ranging from 0.400 to 0.714) than the
NOIs, and ecological similarity, observed previously for
nonisogenic P. syringae strain pairs (ranging from 0.900 to
1.000) or for the near-isogenic P. syringae strain pair (1.00)
(56). The NOIs for P. syringae with respect to P. agglomerans,
S. maltophilia, and M. organophilum were also low (ranging
from 0.365 to 0.654), but with respect toP. fluorescens the NOI
was high (0.923) and comparable to the NOIs observed
previously for the nonisogenic P. syringae strain pair (ranging
from 0.900 to 1.000) (56).
The level of coexistence of the epiphytic bacterial strains in

the phyllosphere was inversely correlated with the estimated
ecological similarity of the strains. While Lindow (37) hypoth-
esized that the "antagonism due to competition of one strain
with another would increase proportionally to the overlap of
their ecological niches," the correlation has not been tested
previously because of the inability to quantify either coexist-
ence or ecological similarity between epiphytic bacteria. The
inverse correlation between level of coexistence and ecological
similarity confirms the ecological significance of NOIs esti-
mated from in vitro carbon source utilization profiles and
supports the hypothesis of Lindow (37). The slight difference in
the slopes of the observed and predicted regressions of the
level of coexistence against ecological similarity (Fig. 8),
however, suggests that either the level of coexistence was
overestimated or the niche overlap was underestimated. An
overestimation of the level of coexistence would suggest that a
small proportion of the observed coexistence was attributable
to factors other than resource partitioning. An underestima-
tion of the NOIs could result from the extensive list of
substrates used in the in vitro carbon source utilization profiles,
many of which probably do not occur in the bean phyllosphere.
This suggests that the usefulness of NOIs for examining
epiphytic communities would be substantially improved if they
were based on only those carbon sources actually present in the
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FIG. 7. Bean plants (P. vulgaris cv. Bush Blue Lake 274) were spray inoculated with P. syringae TLP2dell or P. agglomerans 299R. The inoculum
was supplemented with 1 of 20 different amino acids at a concentration of 2.0 g/liter. The plants were incubated in the growth chamber under
constant environmental conditions of 26°C and high relative humidity. Shown are population sizes of P. syningae TLP2dell (A) and P. agglomerans
299R (B). Bars represent 1 standard error of the mean. Asterisks indicate populations sizes which are significantly (P = 0.05) larger than the
population size in the absence of nutrient amendment (control).

phyllosphere under examination. Further, the variability in the
level of coexistence of P. agglomerans with P. syringae suggests
that variation in resource availability is important in these
interactions. If the abundance of individual resources (in this
case carbon sources) is highly variable, NOIs which do not take
account of resource abundance are of only limited usefulness
(41). NOIs weighted for the abundance of the carbon sources
occurring in the phyllosphere under examination should theo-
retically provide superior correlations with the levels of coex-
istence between epiphytic populations.

The inverse correlation between NOIs and the level of
coexistence could be used to identify antagonists which may be
effective in the preemptive exclusion of a target bacterial strain
(57). A high NOI with respect to the target pest, indicating a
high degree of ecological similarity, would predict that the
strain would be effective in the preemptive exclusion of the
target pest, by usurping a high percentage of the resources that
would otherwise be available to the target pest. For example,
the low NOIs for P. agglomerans 299R and WHL9 with respect
to P. syringae TLP2dell predict that P. agglomerans would not

TABLE 2. Compounds tested for their ability to support growth of the bacterial strains as sole carbon sources when
incorporated into minimal medium A

Type Compounds

Amino acids ............. D-Alanine, L-alanine, L-alanylglycine, L-arginine, L-aspartic acid, L-asparagine, citrulline, L-cysteine, L-glutamic acid,
L-glutamine, L-glycine, glycyl-L-aspartic acid, glycyl-L-glutamic acid, L-histidine, L-homoserine, hydroxy-L-proline,
L-isoleucine, L-leucine, L-lysine, L-methionine, L-phenylalanine, L-proline, pyro-glutamic acid, D-serine, L-serine,
threonine, tryptophan, valine, norvaline

Organic acids ............. Adipic acid, acetic acid, aconitic acid, anthranilic acid, a-aminobutyric acid, y-aminobutyric acid, citraconic acid, cit-
ric acid, folic acid, formic acid, fumaric acid, galacturonic acid, galacturonic acid lactone, polygalacturonic acid,
gentisic acid, gluconic acid, glucuronic acid, glucosaminic acid, glutaric acid, glyceric acid, glycolic acid, a-hydroxy-
butyric acid, f-hydroxybutyric acid, y-hydroxybutyric acid, hyroxyphenylacetic acid, itaconic acid, oa-ketobutyric
acid, ot-ketoglutaric acid, a-ketovaleric acid, lactic acid, malic acid, maleic acid, malonic acid, methylpyruvic acid,
monomethylsuccinic acid, mucic acid, nicotinic acid, para-aminobenzoic acid, pantothenic acid, pimelic acid, pipe-
colic acid, propionic acid, pyruvic acid, quinic acid, saccharic acid, salicylic acid, sebacic acid, shikimic acid, suc-
cinic acid, bromosuccinic acid, succinamic acid, tartaric acid, urocanic acid

Carbohydrates ............. Amylose, arabinose, cellobiose, cyclodextrin, dextran, dextrin, fructose, fucose, furanose, galactose, gentiobiose, glu-
cose, glucose 1-phosphate, glucose 6-phosphate, glycogen, lactose, lactulose, maltose, mannose, melezitose, melibi-
ose, palatinose, psicose, raffinose, rhamnose, ribose, sorbose, starch, sucrose, trehalose, xylose

Sugar alcohols ............. Adonitol, arabitol, dulcitol, erythritol, inositol, mannitol, sorbitol, xylitol
Amides and amines..........Acetamide, N-acetyl-D-glucosamine, N-acetyl-D-galactosamine, alaninamide, glucuronamide, phenylethylamine
Alcohols ............. 2,3-Butanediol, ethanol, 2-aminoethanol, DL-a-glycerolphosphate, glycerol, methanol
Fatty acids ............. Capric acid, caproic acid, caprylic acid, lauric acid, lauryl sulfate, levulinic acid, myristic acid
Miscellaneous............. Betaine, DL-carnitine, choline chloride, inosine, ,-methylglucoside, ornithine, putrescine, salicin, sarcosine, thymidine,

Tween 40, Tween 80
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TABLE 3. NOIs for epiphytic strains paired with P. syringae, derived from carbon source utilization data

Strain competing with Niche Total compounds utilized' Amino acids Organic acids Carbohydrates
P. syringae TLP2dell size NOITLP2d.l1 NOIstrain NOIThp2deIl NOIstrain NOITLp2dell NOIstrain NOITLP2dell NOI,tr

P. fluorescens A506 77 0.923 0.623 0.900 0.562 0.870 0.690 1.000 0.875
P. agglomerans 299R 48 0.654 0.708 0.700 1.000 0.652 0.938 1.000 0.411
P. agglomerans WHL9 42 0.577 0.714 0.600 1.000 0.609 0.933 0.857 0.462
S. maltophilia BP1 43 0.365 0.442 0.700 0.583 0.348 0.615 0.286 0.222
M. organophilum SH1PK 47 0.404 0.446 0.000 0.000 0.609 0.500 0.143 0.111

a Per 154 carbon sources. The niche size for P. syringae TLP2dell was 52.
bGenerated by addition of 154 carbon sources individually to minimal medium A.
c TNOITLp2deI1 represents the proportion of the carbon compounds utilized by TLP2deI1 that were also utilized by the competing strain.
d NOIstrain represents the proportion of the carbon compounds utilized by the strain that were also utilized by TLP2deI1.

be a good biological control agent for the preemptive exclusion
of P. syringae strains, but the high NOI of P. fluorescens A506
predicts that strain A506 would be a good biological control
agent for the preemptive exclusion of P. syringae strains. In
greenhouse and field trials P. agglomerans was found to be less
effective in the preemptive exclusion of Ice' P. syringae strains
than other pseudomonads (12, 39). In a more recent field trial,
P. agglomerans 299R was less effective than P. fluorescens A506
in reducing Ice' P. syringae populations and in preventing frost
injury of pear trees (38a).
These findings provide evidence that the epiphytic bacterial

populations incubated under these conditions competed for
carbon in the phyllosphere and further suggest that competi-
tion for carbon was a major factor determining the composi-
tion of the epiphytic bacterial community under these condi-
tions. It is possible, however, that under different conditions
the C/N ratio of the phyllosphere would be supraoptimal for
the growth of these epiphytic bacteria, rather than suboptimal
as in these studies, and hence nitrogen would likely become the
limiting nutritional resource. Under such conditions, the epi-
phytic bacterial populations would likely compete for nitrogen
and the composition of the epiphytic bacterial community
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would then be determined by competition for nitrogen, not
carbon.
The guild concept of community ecology could be usefully

applied to epiphytic microbial communities. A guild is defined
as a group of species that exploit the same class of resources in
similar ways. In a guild, species that overlap significantly in
their niche requirements are grouped without regard to their
taxonomic positions (50). Epiphytic populations in the phyllo-
sphere community could be grouped into guilds of species
exhibiting a minimum similarity in the use of carbon or
nitrogen sources. This could be achieved by cluster analysis
techniques based on carbon or nitrogen utilization profiles.
Clusters generated in this manner would be preferable to
clusters based on less ecologically significant phenotypic char-
acteristics (4, 16, 19). The minimum level of carbon or nitrogen
source utilization similarity could be chosen on the basis of the
desired level of coexistence of the clusters, estimated from the
relationship between NOI and RY. Grouping of epiphytic
populations into guilds of catabolically equivalent species
would facilitate the study of complex nutritional relationships
in epiphytic communities. Morris (45) grouped epiphytic bac-
terial isolates from snap bean leaflets into nutrient utilization
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FIG. 8. Correlation between level of coexistence and ecological similarity. (A) The solid line shown represents the regression of the mean RY (Table
1) of each strain and the mean NOI (Table 3) of each strain [P = 0.0038;y = (-0.714 -x) + 1.167; R2 = 0.322]. The dashed line represents the predicted
theoretical relationship [y = (-0.5 .x) + 1.0] based upon an ecological similarity of 0 giving a mean RY of 1.0 and an ecological similarity of 1.0 giving
a mean RY of 0.5. (B) The solid line shown represents the regression of the mean RYT (Table 1) and the mean NOI (Table 3) of the strain pair [P =
0.0089; y = (-1.344 .x) + 2.285; R2 = 0.512]. The dashed line represents the predicted theoretical relationship [y = (-1.0 .x) + 2.000] based upon an
ecological similarity of 0 giving a mean RYT of 2.0 and an ecological similarity of 1.0 giving a mean RYT of 1.0.
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clusters based on an arbitrarily chosen average level of dissim-
ilarity in nutrient utilization profiles which included both
carbon and nitrogen sources. The ideal cluster analysis, how-
ever, would be based on utilization of either carbon or
nitrogen, or whatever resource was more limiting in the
phyllosphere under examination, with a level of dissimilarity
selected on the basis of the desired level of coexistence of the
clusters. The clusters produced in this way would have greater
ecological significance than those produced by Morris (45),
because the clusters would represent strains competing for
similar limiting resources and not similar arbitrarily chosen
resources.
The NOIs determined for the strains by using groups of

carbon sources (amino acids, organic acids, and carbohydrates)
provide useful information about which types of carbon
sources the strains probably competed for in the bean phyllo-
sphere. P. fluorescens A506 probably competed with P. syringae
TLP2dell for most carbon sources in the bean phyllosphere,
and hence, P. syringae exhibited only a low level of coexistence
with P. fluorescens. The relatively low level of coexistence of P.
fluorescens with P. syringae in the bean phyllosphere, in con-
trast to the higher level of coexistence observed in a previous
study with potatoes (56), suggests that the carbon sources
utilized by P. fluorescens, but not by P. syringae, were more
abundant in the potato phyllosphere than the bean phyllo-
sphere. The P. agglomerans strains tested both exhibited vari-
able levels of coexistence with P. syringae TLP2dell. The in
vitro carbon source utilization data suggest that P. syringae
competed with P. agglomerans 299R for most amino acids and
organic acids but only certain carbohydrates. These data are
supported by the nutrient amendment experiments, which
indicated that most of the same amino acids alleviated the
resource limitation of both the P. agglomerans and the P.
syrtingae populations. The niche differentiation of P. agglomer-
ans with respect to P. syringae occurred primarily in the
utilization of carbohydrates; hence, the variable level of coex-
istence of P. agglomerans 299R with respect to P. syringae may
reflect the variability in abundance of these carbohydrates in
the bean phyllosphere. The variation in resource availability
probably occurred because these replicate experiments were
performed at different times of the year, since several environ-
mental and physiological factors can affect the quality and
quantity of exudates in the phyllosphere (13, 21, 25, 44, 51-53).
S. maltophilia and P. syringae probably competed for few of the
same amino acids or carbohydrates in the bean phyllosphere
and hence exhibited a high level of coexistence. Presumably
one or more of the carbon sources utilized by S. maltophilia
BP1 were relatively abundant in the phyllosphere, because S.
maltophilia BP1 achieved a population size sevenfold larger
than that of P. syringae TLP2del1 when inoculated alone. S.
maltophilia was able to catabolize several polymeric com-
pounds in vitro, including starch and polygalacturonic acid,
that P. syringae TLP2del1 was unable to catabolize. M. or-
ganophilum and P. syringae also probably competed for few of
the same amino acids or carbohydrates in the phyllosphere and
hence exhibited a high level of coexistence. The population
size achieved by M. organophilum when inoculated alone was
relatively small, probably reflecting the low abundance of car-
bon sources utilized by M. organophilum in the bean phyllo-
sphere. M. organophilum strains are present in the phyllo-
spheres of many plant species (14), and they may coexist with
other epiphytic species in the phyllosphere by their unique
ability to catabolize Cl carbon sources such as methanol (14).
The relative population sizes of the competing strains in the

replacement series were probably determined by several fac-
tors, including the abundance of the carbon sources that were

utilized by both strains, the relative competitive ability of the
strains for those carbon sources, and the abundance of the
carbon sources that were utilized uniquely by each strain. The
ability of a species or strain to catabolize a source of carbon not
available to the majority of competing colonists may be one
trait involved in epiphytic fitness (6, 38) or phyllosphere
competence. This could be achieved either through catabolic
versatility and the ability to utilize a diverse array of carbon
sources which may be present only in low concentrations or
through catabolic specialization and the ability to utilize an
abundant carbon source which few other strains are able to
utilize. Studies are currently under way in this laboratory to
assess the contribution of the ability to utilize a unique carbon
source upon epiphytic colonization and coexistence in epi-
phytic bacteria.
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