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The plasmid pYDH208, which confers the ability to catabolize the mannityl opines mannopine and agropine,
was mobilized into the nonpathogenic Pseudomonas syringae strain Cit7. The growth of the mannityl opine-
catabolizing strain Cit7(pYDH208) was compared with that of the near-isogenic non-opine-catabolizing strain
Cit7xylE on leaves of wild-type tobacco (Nicotiana tabacum cv. Xanthi) and transgenic mannityl opine-produc-
ing tobacco plants (N. tabacum cv. Xanthi, line 2-26). The population size of Cit7(pYDH208) was significantly
greater on the lower leaves of transgenic plants than on middle or upper leaves of those plants. The population
size of Cit7(pYDH208) on lower leaves of transgenic plants was also significantly greater than the population
size of Cit7xylE on similar leaves of wild-type plants. High-voltage paper electrophoresis demonstrated higher
levels of mannityl opines in washings from lower- and mid-level leaves than in washings from upper-level
leaves. The ability of Cit7(pYDH208) to catabolize mannityl opines in the carbon-limited phyllosphere in-
creased the carrying capacity of the lower leaves of transgenic plants for Cit7(pYDH208). In coinoculations, the
increase in the ratio of population sizes of Cit7(pYDH208) to Cit7xylE on transgenic plants was apparently due
to a subtle difference in the growth rates of the two strains and to the difference in final population sizes. An
ability to utilize additional carbon sources on the transgenic plants also enabled Cit7(pYDH208) to achieve a
higher degree of coexistence with Cit7xylE on transgenic plants than on wild-type plants. This supports the
hypothesis that the level of coexistence between epiphytic bacterial populations can be altered through
nutritional resource partitioning.

The role of nutrients in bacterial colonization of plants has
been investigated most frequently with pathogenic and symbi-
otic root-associated microorganisms such as Agrobacterium and
Rhizobium species. Transformation of plants by the pathogens
Agrobacterium tumefaciens and Agrobacterium rhizogenes re-
sults in production of specific amino acid derivatives, called
opines, which are catabolized by the inducing Agrobacterium
strains in the rhizosphere (10). The opine concept proposes
that these opines act as nutritional substrates which provide a
selective advantage for the virulent opine-catabolizing Agro-
bacterium strains in rhizosphere colonization (10). The opine
concept was extended to include symbiotic rhizobia when
opine-like compounds were also detected in legume root nod-
ules induced by Rhizobium meliloti (31, 32, 34). These rhizo-
pines, synthesized by the bacteroids in the nodules, have been
hypothesized to provide a selective advantage for free-living
rhizobia in the rhizosphere of the nodulated legumes (39). In
a similar manner, the compound mimosine, found in the roots
of Leucaena spp., may provide a selective advantage to those
Leucaena-nodulating Rhizobium strains which are able to uti-
lize the compound as a sole carbon and nitrogen source (43).
The occurrence of selective substrates in plant-bacterium

interactions may not be restricted to pathogenic and symbiotic
associations. For example, the ability to catabolize calystegins,
which occur in the rhizosphere of plants of the genus Calyste-
gium, is found only in a few strains of R. meliloti (44, 45). These

R. meliloti strains occur in the rhizosphere of Calystegium
plants, but they do not initiate a symbiotic association with this
genus (4, 44, 45). The ability to catabolize host-specific sub-
strates may be a phenomenon of more-widespread occurrence
than is currently recognized, contributing to host specificity in
pathogenic, symbiotic, and saprophytic plant-associated bacte-
ria in both the rhizosphere and phyllosphere environments.
Despite the detection of opines, rhizopines, and other host-

specific substrates which are catabolized only by particular
bacterial populations, the hypothesized ecological basis of the
opine concept has received only preliminary experimental sup-
port to date. In a gnotobiotic system consisting of transformed
opine-producing Lotus corniculatus plants, the growth of root-
associated opine-catabolizing Agrobacterium strains was fa-
vored over that of non-opine-catabolizing strains (16, 17). In
another study, a naturally occurring mannopine-utilizing
(Mut1) Pseudomonas putida strain was more competitive than
a Tn5 nonutilizing mutant derivative (Mut2) in the rhizos-
phere of transformed mannopine-producing (Mop1) tobacco
(22, 23). Further support for the selective advantage proposed
by the opine concept has come from the work of Savka and
Farrand (12, 13, 40–42). In coinoculations of two Pseudomonas
fluorescens strains, the ratio of the agropine-utilizing strain P.
fluorescens AGR to the near-isogenic nonutilizing strain P.
fluorescens Km was larger in the rhizosphere of agropine-pro-
ducing transgenic tobacco plants than in the rhizosphere of
wild-type plants (42). Similar studies are under way to test the
selective advantage conferred by the ability to catabolize rhi-
zopines (33, 37, 38), but as yet no such studies have been
reported with other substrates such as calystegins or mimosine.
The role of nutrients in bacterial colonization of the phyllo-
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sphere has received much less attention than their role in the
rhizosphere. Although it is known that a diverse array of nu-
trients is leaked, leached, or exuded onto the leaf surface and
is available to the epiphytic microbial community (14, 15, 30,
47, 48), the occurrence of specific nutritional relationships
between pathogens or saprophytes and the host plant have not
yet been demonstrated. It has been demonstrated that under
nitrogen-sufficient plant growth conditions, the phyllosphere is
a carbon-limited environment (50, 51). While epiphytic bacte-
rial populations compete for many of the carbon sources in the
phyllosphere, other carbon sources appear to be utilized only
by certain genera, permitting these genera to achieve a high
population size in the phyllosphere, even in the presence of
competing strains (50, 51). The coexistence of epiphytic bac-
terial populations in the carbon-limited phyllosphere mediated
through the utilization of different carbon sources has been
termed nutritional resource partitioning (50, 51). These studies
suggested that the coexistence of one species with another was
achieved through the unique utilization of either a single abun-
dant carbon source or of several less-abundant carbon sources
in the phyllosphere. Support for this hypothesis was provided
through the use of the near-isogenic salicylate-catabolizing
strain P. putida R20(pNAH7) and the non-salicylate-cataboliz-
ing parental strain P. putidaR20 (52). It was demonstrated that
the differential ability to catabolize a single carbon source,
exogenously added salicylate, permitted increased coexistence
of the catabolizing strain with the noncatabolizing strain (52).
It has not yet been demonstrated, however, that individual
endogenous carbon sources are leaked or exuded into the
phyllosphere in quantities sufficient either to affect the level of
coexistence between epiphytic bacterial populations or to alter
the dynamics of colonization and competition.
This study, therefore, used a model system similar to that

employed by Wilson and Lindow (52), except that the dif-
ferential carbon source was produced endogenously by a
transgenic plant rather than added exogenously. The model
consisted of a near-isogenic bacterial strain pair, the man-
nityl opine-catabolizing Pseudomonas syringae strain Cit7
(pYDH208) and the non-opine-catabolizing P. syringae strain
Cit7xylE, inoculated onto near-isogenic wild-type and trans-
genic mannityl opine-producing tobacco plants. The hypothesis
that coexistence among epiphytic populations in the phyl-
losphere can be mediated through nutritional resource par-
titioning and differential utilization of carbon sources was
tested. The model was also used to further investigate the
role of carbon nutrition in epiphytic colonization and compe-
tition.

MATERIALS AND METHODS

Bacterial strains. The characteristics of P. syringae Cit7, which was isolated
from a healthy leaf of a navel orange, have been described previously (27). P.
syringae Cit7 was not pathogenic on any of 45 plant species tested and, hence, has
not been assigned to any pathovar grouping (27). P. syringae Cit7xylE was derived
from Cit7 by insertion of the xylE gene into the chromosomal iceC gene (6), a
location which caused no significant loss of fitness or reduction in competitive
ability on potato (50) or bean (51) plants.
Plasmid pYDH208 contains a 21-kb HindIII fragment from plasmid pTil5955

of A. tumefaciens 15955, cloned in the broad-host-range vector pCP13/B (11, 19,
20). This plasmid confers tetracycline resistance and the ability to catabolize the
mannityl opines mannopine and agropine but not mannopinic acid and agropinic
acid (11). Plasmid pYDH208 was mobilized into P. syringae Cit7 from Escherichia
coli DH1 by triparental mating with pRK2013 (11). A fast-growing transconju-
gant, designated Cit7(pYDH208), was selected on minimal medium A containing
5 mM mannopine as a sole carbon source.
Growth of wild-type and transgenic tobacco plants. The construction and

physiological characterization of transgenic mannityl opine-producing tobacco
(Nicotiana tabacum cv. Xanthi, line 2-26) has been described previously (41).
Seeds of wild-type tobacco (N. tabacum cv. Xanthi) and transgenic tobacco (N.
tabacum cv. Xanthi, line 2-26) were germinated in pots of a peat-sand potting

mix. Seedlings were transplanted at about 4 weeks into individual 10-cm pots.
Tobacco plants were irrigated through drip lines, with no overhead irrigation, to
minimize growth of epiphytic bacterial populations prior to experimental inoc-
ulation. Plants were fertilized once a day with half-strength Hoagland’s solution.
Plants were inoculated when approximately 30 cm tall.
Preparation of inocula and plant inoculation. P. syringae Cit7xylE and

Cit7(pYDH208) were cultured on King’s medium B (KB) for 18 h at 288C.
Bacterial cells were removed from the plate and suspended in phosphate buffer
(0.01 M, pH 7.0). The cell suspensions were adjusted turbidimetrically to the
appropriate concentration by use of a standard curve relating optical density (l
5 600 nm) with culturable cells per milliliter. For coinoculations, cell suspen-
sions were combined in equal proportions immediately prior to plant inoculation.
The replacement series (18) has been used previously to investigate compet-

itive interactions in the phyllosphere between phytopathogenic fungi (1) and
epiphytic bacteria (50–52). For replacement series experiments, cell suspensions
were combined in six different proportions [Cit7xylE to Cit7(pYDH208), 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 concentration of 106

CFU/ml. Wild-type tobacco plants (N. tabacum cv. Xanthi) and transgenic plants
(N. tabacum cv. Xanthi, line 2-26) (41) were spray inoculated with suspensions of
P. syringae Cit7xylE and Cit7(pYDH208), alone and in combination. Each treat-
ment was replicated on five plants. The tobacco plants were covered with plastic
bags to maintain a high relative humidity and moisture on the leaves. The plants
were randomized within a growth chamber and incubated at 268C under constant
illumination for a period of 96 h. All experiments were repeated at least twice to
ensure reproducibility.
Enumeration of bacterial populations. Twenty leaves, four per replicate plant,

were collected at each sample time. Individual leaves were placed in 200 ml of
sterile phosphate buffer (0.01 M potassium phosphate buffer [pH 7.0]) in 500-ml
Erlenmeyer flasks. The flasks were sonicated in an ultrasonic cleaning bath for 7
min to dislodge the epiphytic populations and then agitated briefly (ca. 30 s) to
suspend the bacteria before removal of aliquots of the suspension. Serial dilu-
tions of leaf washings were plated on KB amended with 100 mg of cycloheximide
per ml, 50 mg of benomyl (Benlate; DuPont) per ml, and 100 mg of rifampin per
ml (KBR). Plates were incubated for 72 h at 288C. Bacterial population sizes
were expressed in CFU per leaf or per gram (fresh weight) of leaf tissue. To
distinguish Cit7 and Cit7xylE, bacterial colonies were lifted from the plates by
applying uniform pressure to a 10-cm-diameter filter paper (Whatman no. 1)
placed onto the agar surface. The filter papers were oversprayed with catechol
(0.1 M), incubated at room temperature for 5 min, and then dried in an oven at
608C (6). The total number of colonies, the number of yellow colonies (Cit7xylE),
and the number of colonies that remained white after spraying with catechol
[Cit7(pYDH208)] were determined for each filter paper. Stability of the plasmid
pYDH208 was assessed by replica plating colonies onto KBR amended with 30
mg of tetracycline per ml.
Data analysis. Bacterial population sizes were log10-transformed to achieve

normality of distribution prior to calculation of mean population size for each
treatment. Population sizes were compared statistically through analysis of vari-
ance and Fisher’s protected least significant difference test with Proc GLM of
SAS (release 6.08; SAS Institute Inc., Cary, N.C.).
For replacement series data, the arithmetic back-transformed values of the

mean log10-transformed population size of each strain and the arithmetic back-
transformed values of the mean log10-transformed total population size were
plotted against the inoculum proportion. An increased level of coexistence of
Cit7(pYDH208) with respect to Cit7xylE on transgenic plants would be 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 and is greater in the coinoculations than when a single strain is
inoculated alone. The linearity of the relationship between population size and
inoculum proportion was tested by the model described previously by Wilson and
Lindow (50). The model is described by the equation log10(population sizeij) 2
log10(inoculum proportioni) 5 meani 1 normal errorij, where i is the inoculum
proportion and j is the leaf replicate. In this model, the population size is
log-normally distributed and the relationship is linear only if all of the means are
equal. Equality of the means was determined by an F test as determined by Proc
GLM in SAS.
Quantification of mannityl opines on leaves. The presence of mannityl opines

in washings of leaves from transgenic tobacco plants was confirmed by high-
voltage paper electrophoresis by methods described previously (41). Leaves were
sampled from the upper-level (leaf 15), mid-level (leaf 10), and lower-level (leaf
5) leaf positions (where the first true leaf was designated leaf 1) of three different
transgenic tobacco plants. Each leaf was washed over an area of approximately
9 cm2 with 200 ml of sterile distilled water. All electrophoretograms included a
20 mM standard of each mannityl opine; however, one of the electrophoreto-
grams also included an agropine dilution series to permit estimation of the
quantities of agropine present. By comparing the staining intensities of leaf
washings in the electrophoretograms with those of the dilution series, estimates
of the quantities of agropine could be obtained and expressed in micrograms per
square centimeter of leaf surface.
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RESULTS

The population sizes of the near-isogenic P. syringae strains
Cit7xylE and Cit7(pYDH208) were compared on leaves at
different positions on transgenic tobacco plants to determine
whether there was any enhancement of the population size of
the mannityl opine-catabolizing strain on the mannityl opine-
producing plants and whether the amount of enhancement was
the same on leaves of different physiological ages. The popu-
lation sizes of P. syringae Cit7xylE at the upper, middle, and
lower leaf positions and the population sizes of P. syringae
Cit7(pYDH208) on the upper and middle leaf positions were
not significantly different (P 5 0.05) (Fig. 1). However, the
population size of P. syringae Cit7(pYDH208) at the lower leaf
position was significantly (P 5 0.05) greater than the popu-
lation size of Cit7(pYDH208) at the middle and upper
leaf positions and the population size of Cit7xylE at any leaf
position (Fig. 1). These data suggest that P. syringae Cit7
(pYDH208) was able to achieve a higher final population size
than Cit7xylE by catabolism of mannityl opines on the lower
leaves of transgenic plants.
To correlate the enhancement of the population size of P.

syringae Cit7(pYDH208) with the presence of mannityl opines
in the phyllosphere of transgenic tobacco plants, the presence
of mannityl opines in leaf washings was determined by high-
voltage paper electrophoresis. No mannityl opines were de-
tected in washings of leaves from wild-type plants (Fig. 2). In
all three transgenic plants tested, mannityl opines were present
in leaf washings, and quantities in washings from lower leaves
were consistently greater than those in washings from upper
leaves. For one electrophoretogram, the quantities of agropine
in washings of leaves from different positions were estimated
by comparison of staining intensities of the test lanes with an
agropine dilution series. The quantities of agropine estimated
per unit leaf area were approximately 1.9 mg/cm2 for the lower
leaves, approximately 1.3 mg/cm2 for the mid-level leaves, and
,0.1 mg/cm2 for the upper leaves. The enhancement of the
population size of P. syringae Cit7(pYDH208) on transgenic
plants was correlated with the presence of mannityl opines in
washings of leaves from these plants, and the greater popula-
tion enhancement on lower leaves may have been related to
the greater availability of mannityl opines on the lower leaves

or to other factors relating to the nature of resource limitation
on mid-level and upper leaves.
P. syringae Cit7xylE and Cit7(pYDH208) were both inocu-

lated individually onto lower leaves of wild-type and transgenic
plants, and their population sizes were determined over a pe-
riod of 6 days. On wild-type plants, the final population sizes
attained by P. syringae Cit7xylE and Cit7(pYDH208) were not
significantly different (Fig. 3A and C); however, on transgenic
plants, the final population size attained by Cit7(pYDH208)
was significantly higher than the final population size attained
by Cit7xylE (Fig. 3B and D). These data further suggest that P.
syringae Cit7(pYDH208) was able to achieve a higher final
population size than Cit7xylE by catabolism of mannityl opines
on the leaves of transgenic plants. Although the initial popu-
lation size of P. syringae Cit7(pYDH208) was less on the trans-
genic plants than on the wild-type plants, the final population
sizes were not significantly different (Fig. 4A and C). Although
the initial population size of P. syringae Cit7(pYDH208) was
less on the transgenic plants than on the wild-type plants, the
final population size was significantly greater on transgenic
plants than on wild-type plants (Fig. 4B and D). Insufficient
data were available to accurately determine growth rates of the
strains on wild-type and transgenic plants; however, there were
no obvious differences between the growth rates of Cit7
(pYDH208) and Cit7xylE when inoculated alone on either
wild-type or transgenic plants.
P. syringae Cit7xylE and Cit7(pYDH208) were coinoculated

onto the lower leaves of wild-type and transgenic tobacco
plants to determine whether the ability to catabolize mannityl
opines on transgenic plants provided Cit7(pYDH208) with a
competitive advantage over Cit7xylE (Fig. 5). On wild-type
plants, the growth rates were apparently similar, final popula-
tion sizes of strains Cit7xylE and Cit7(pYDH208) were not
significantly different (Fig. 5A), and the ratio of the population
sizes remained almost constant (Fig. 5C). On transgenic plants,
while the growth rates of Cit7xylE and Cit7(pYDH208) were
apparently similar, the final population size attained by
Cit7(pYDH208) was significantly higher than that attained by
Cit7xylE (Fig. 5B), and the ratio of the population size of
Cit7(pYDH208) to Cit7xylE increased from 0.66 to 4.08 (Fig.
5C). In these coinoculation studies, strain identification was

FIG. 1. Population size of near-isogenic bacterial strains on transgenic to-
bacco plants producing mannityl opines. Tobacco plants (N. tabacum cv. Xanthi,
line 2-26) were inoculated with P. syringae Cit7xylE or Cit7(pYDH208). Plants
were incubated for 96 h at high relative humidity prior to enumeration of
bacterial populations on leaves at different positions, designated upper, mid, and
lower levels. Population sizes represent the means of 20 leaves, and error bars
represent standard errors of the means. Bars labelled with the same letter are not
significantly different (P 5 0.05).

FIG. 2. High-voltage paper electrophoretogram of washings of leaves of
transgenic mannityl opine-producing tobacco plants (N. tabacum cv. Xanthi),
line 2-26. Lanes 1, standards of the four mannityl opines at 20 mM each; 2, tissue
extracts from homogenized leaves of line 2-26; 3, tissue extracts from homoge-
nized leaves of wild-type plants; 4 to 6, samples of the leaf washes from lower,
middle, and upper leaves of the agropine line 2-26, respectively; 7, wash sample
from the lower leaves of the wild-type plant. Abbreviations AGR, agropine;
MOP, mannopine, MOA, mannopinic acid; AGA, agropinic acid; ori, origin; NC,
neutral compounds.
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based on the XylE phenotype; hence, strain identification and
enumeration could not be affected by plasmid loss from Cit7
(pYDH208) or transfer to Cit7xylE. Plasmid retention by the
transconjugant P. syringae strain Cit7(pYDH208) was deter-
mined to be .90% over the duration of these experiments.
Furthermore, there was no evidence of plasmid transfer from
Cit7(pYDH208) to Cit7xylE, since no Tetr/XylE1 colonies
were detected.
The relative competitiveness and the level of coexistence of

P. syringae Cit7 with respect to that of Cit7xylE on transgenic
plants were investigated by replacement series experiments
(Fig. 6). The near-isogenic strains developed similar popula-
tion sizes when inoculated alone, and although Cit7xylE ap-
peared slightly less competitive than the parental strain Cit7,
the two strains replaced each other, indicating competition for
limiting resources (Fig. 6). Subsequently, the relative compet-
itiveness and the level of coexistence of P. syringae Cit7
(pYDH208) with respect to that of Cit7xylE were investigated
on wild-type and transgenic plants (Fig. 7). The results of the
replacement series experiments between Cit7xylE and Cit7
(pYDH208) on transgenic tobacco plants were consistent in
four separate experiments. On wild-type plants, the population
size of Cit7(pYDH208) when inoculated alone was consistently
slightly less than the population size of Cit7xylE; however, the
strains replaced each other, indicating competition for limiting
resources (Fig. 7A). In contrast, on transgenic plants, the pop-
ulation size of Cit7(pYDH208) was significantly higher than
the population size of Cit7xylE, and the strains no longer
replaced each other (Fig. 7B). The relationship between pop-
ulation size and inoculum proportion deviated significantly

from linearity, suggesting that Cit7(pYDH208) was not limited
by the same resources as Cit7xylE (Fig. 7B). Similar replace-
ment series graphs were obtained in four replications of this
experiment.

DISCUSSION

Colonization of the phyllosphere by the mannityl opine-
catabolizing strain P. syringae Cit7(pYDH208) was significantly
enhanced compared with that of the near-isogenic strain
Cit7xylE by its ability to catabolize the mannityl opines pro-
duced by transgenic tobacco plants. The final population size
of Cit7(pYDH208) was on average, over several experiments,
3.8-fold higher than that of the noncatabolizing strain Cit7xylE
on the lower leaves of mannityl opine-producing transgenic
plants. In other words, the lower leaves of transgenic plants
exhibited a significantly higher carrying capacity for Cit7
(pYDH208) than for Cit7xylE.
Mannityl opines were detected in the washings of leaves

from transgenic plants but not in washings of leaves from
wild-type plants. The concentrations of the mannityl opines
mannopine and agropine were consistently higher in washings
of leaves from the lower part of the plant than in washings of
leaves from the upper part of the plant. The levels of manno-
pine and agropine may have been higher in washings from the
lower leaves because of either greater synthesis in these leaves
or greater exudation or leakage in the older leaves. Leaf sam-
ples were not homogenized for estimation of tissue opine con-
centrations; hence, the basis of the gradient of opine concen-
tration in washings cannot be determined. However, levels of

FIG. 3. Population sizes of P. syringae Cit7xylE (squares) and Cit7(pYDH208) (circles) on wild-type (A and C) and transgenic mannityl opine-producing (B and
D) tobacco plants, as a function of time after inoculation, in two separate experiments. The vertical bars represent standard errors of the means.
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synthesis may have been greater in lower leaves, since the
mannopine synthase (mas) 19 and 29 dual promoters are reg-
ulated by the relative levels of auxin and cytokinin and greater
promoter activity has been detected in the lower stem and
roots of transgenic tobacco plants (24).
The enhancement in the carrying capacity of lower leaves of

transgenic plants for Cit7(pYDH208) was apparently related

to the presence of high levels of agropine and mannopine in
exudates or leachates from these leaves. Agropine was esti-
mated to be present at 1 to 2 mg/cm2 in the phyllosphere of
lower leaves of transgenic plants. The agropine concentration
estimated for exudates of lower leaves was slightly higher than
the concentrations estimated for carbohydrates on the leaves
of Zea mays (approximately 0.1 mg/cm2) (9, 14) and Antirrhi-

FIG. 4. Population sizes of P. syringae Cit7xylE on wild-type (squares) and transgenic mannityl opine-producing (circles) tobacco plants (A and C) and of P. syringae
Cit7(pYDH208) on wild-type (squares) and transgenic mannityl opine-producing (circles) tobacco plants (B and D), as a function of time after inoculation, in two
separate experiments. The vertical bars represent standard errors of the means.

FIG. 5. Population sizes of P. syringae Cit7xylE (squares) and Cit7(pYDH208) (circles) following coinoculation onto wild-type (A) and transgenic mannityl
opine-producing (B) tobacco plants. The mean ratio of strain Cit7(pYDH208) to Cit7xylE on wild-type plants (squares) and transgenic mannityl opine-producing
tobacco plants (circles), determined from populations from each of 20 individual leaves for each treatment, is also shown (C). The vertical bars represent standard errors
of the means.
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num nanum (approximately 0.7 mg/cm2) plants (7). The man-
nityl opines apparently represented additional carbon sources
for the growth of Cit7(pYDH208) in the phyllosphere, which
usually is carbon limited under these growth conditions (50,
51). This suggests that under carbon-limited conditions in the
phyllosphere, the differential ability to catabolize a substrate
can increase the population size of the catabolizing strain rel-
ative to those of other competing strains. The absence of a
significant enhancement of the carrying capacity of mid-level
leaves for Cit7(pYDH208), despite the apparent presence of
moderate quantities of mannityl opines, may be attributable
either to differences in the plants grown for ecological studies
at one institution and physiological studies at a different insti-
tution or to differences in the nature of resource limitation of
the epiphytic populations on lower, mid-level, and upper
leaves.
In contrast to the increase in carrying capacity observed in

the phyllosphere, the population size of the agropine-catabo-
lizing strain P. fluorescens AGR was not significantly different
in the rhizosphere of wild-type and transgenic tobacco plants
(12, 13, 40, 42). This may indicate that unlike the phyllosphere,
the rhizosphere was not carbon limited (12, 13). Alternatively,
the difference may relate to the source of the carbon diverted

to opine synthesis. In the phyllosphere, the population size of
the non-opine-catabolizing strain Cit7xylE was not significantly
different on transgenic and wild-type plants, suggesting that
carbon for synthesis of mannityl opines was not diverted from
the synthesis of carbon sources ordinarily utilized by Cit7. By
contrast, in the rhizosphere, agropine may have been synthe-
sized at the expense of carbon sources in the roots which would
otherwise have been catabolized by P. fluorescens AGR.
Hence, no additional carbon was made available to P. fluore-
scens AGR in the rhizosphere of transgenic plants.
Following coinoculation of the near-isogenic strains onto

transgenic plants, the ratio of the population size of Cit7
(pYDH208) to Cit7xylE increased by over fivefold. This
change in the ratio of population sizes could indicate merely
that the population of Cit7xylE ceased to increase before that
of Cit7(pYDH208). This appears not to be the entire reason,
since the ratio started to change at 24 to 48 h, well before the
growth rate of Cit7xylE decreased as the carrying capacity was
approached. Hence, the initial change in the ratio of Cit7
(pYDH208) to Cit7xylE may reflect a subtle difference in the
growth rates of the two populations. The increase in the ratio
of the population sizes of P. fluorescens AGR to P. fluorescens
Km in the rhizosphere of transgenic mannityl opine-producing
tobacco, which occurred in the absence of any difference in
final population sizes (12, 13, 40, 42), may also be attributable
to different growth rates.
Replacement series experiments were used by Wilson and

Lindow (52) to demonstrate that exogenous provision of the
carbon source salicylate, which was catabolized uniquely by
one member of a near-isogenic strain pair, permitted an in-
creased level of coexistence of that strain with the competing
strain. An increased level of coexistence was defined as an
increase in the population size of the salicylate-catabolizing
strain, in the presence of the non-salicylate-catabolizing strain,
without any depression in the population size of the latter
strain. The concentration of salicylate applied (approximately
10 mg/cm2), however, was 10- to 100-fold higher than carbo-
hydrate concentrations estimated from leaf washings (7, 9, 14).
Hence, it was necessary to determine whether the quantities of
individual carbon sources leaked or exuded into the phyllo-
sphere are sufficient to permit coexistence of strains differing in
the utilization of only one or two compounds. The replacement
series graphs in this study demonstrated an increase in coex-

FIG. 6. Competition between P. syringae Cit7xylE and the parental strain
Cit7 on transgenic mannityl opine-producing tobacco plants in replacement
series experiments. Leaves were harvested 96 h after inoculation. The population
size of Cit7 (squares), Cit7xylE (triangles), and the total population (circles) are
plotted against the inoculum proportion. The dashed lines represent expected
population sizes based upon inoculum proportion, assuming equal competition
between the strains.

FIG. 7. Competition between P. syringae Cit7xylE and Cit7(pYDH208) in replacement experiments. Leaves were harvested 96 h after inoculation. Population sizes
of P. syringae Cit7xylE (squares) and Cit7(pYDH208) (triangles) and total population size (circles) are plotted against inoculum proportion. The dashed lines represent
expected population sizes based upon inoculum proportion, assuming equal competition between the strains. (A) Strains were inoculated onto wild-type tobacco plants.
Both populations exhibited significant deviations from linearity [for Cit7xylE, F5 6.58 and P5 0.0001; for Cit7(pYDH208), F5 3.07 and P5 0.0199]. (B) Strains were
inoculated onto transgenic mannityl opine-producing tobacco plants. Both populations exhibited significant deviations from linearity [for Cit7xylE, F 5 10.75 and P 5
0.0001; for Cit7(pYDH208), F 5 11.57 and P 5 0.0001].
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istence between the mannityl opine-catabolizing strain Cit7
(pYDH208) and the non-opine-catabolizing strain Cit7xylE on
transgenic mannityl opine-producing plants compared with
that on wild-type plants. This increased level of coexistence
was indicated by the significant positive deviation from linear-
ity in the relationship between the population size of Cit7
(pYDH208) and the inoculum proportion, the absence of a
depression of the population size of Cit7xylE, and the increase
in the total P. syringae population on transgenic plants. This
demonstrates that sufficient quantities of individual carbon
sources are leaked or exuded into the phyllosphere to permit
coexistence between bacterial strains exhibiting ecological dif-
ferentiation in nutritional resource utilization as proposed by
Wilson and Lindow (51, 52). Therefore, the selective advan-
tage proposed in the opine concept appears to be attributable
to the production of a novel catabolic niche which can be
occupied only by the opine-catabolizing strains. The presence
of opines permits the opine-catabolizing populations to coexist
with non-opine-catabolizing populations with which they
would otherwise compete.
In addition to the increased level of coexistence of Cit7

(pYDH208) with respect to Cit7xylE, the level of coexistence
of Cit7xylE with respect to Cit7(pYDH208) was also increased
in four of five replacement series experiments. This suggests
that Cit7(pYDH208) utilized mannopine and agropine prefer-
entially over other phyllosphere carbon sources and that the
intensity of competition for the other phyllosphere carbon
sources was reduced. Hence, Cit7xylE was able to achieve a
higher population size than that predicted upon the basis of its
proportion in the inoculum and the population size of Cit7xylE
when inoculated alone. Therefore, the opine-catabolizing
strain Cit7(pYDH208) cannot be considered to be competi-
tively superior to the non-opine-catabolizing strain Cit7xylE,
because the intensity of competition for non-opine phyllo-
sphere carbon sources was actually reduced. The selective
advantage proposed in the opine concept, therefore, does not
involve competitive superiority of the opine-catabolizing
strains over the non-opine-catabolizing strains in the presence
of opines.
Resource competition is probably the predominant interac-

tion involved in the preemptive competitive exclusion of epi-
phytic pseudomonads (25, 26, 28, 29). Ecologically similar ep-
iphytic P. syringae strains competed for carbon sources in the
carbon-limited phyllosphere (50), and preemptive exclusion of
Ice1 P. syringae strains by an Ice2 P. syringae strain was
achieved presumably by prior utilization of these carbon
sources (50). Many other epiphytic species, however, were
ineffective in preemptive exclusion and coexisted with P. syrin-
gae, apparently by the utilization of alternative carbon sources
(51). The results of the replacement series with the near-
isogenic P. syringae strain pair employed in this model system
further substantiate the conclusion of Wilson and Lindow (52)
that coexistence between epiphytic bacterial populations can
be mediated through nutritional resource partitioning and the
differential ability to catabolize certain carbon sources. In ad-
dition to substantiating the concept of nutritional resource
partitioning, the model also demonstrates that epiphytic bac-
terial population size in the carbon-limited phyllosphere is
determined at least in part by the quality and quantity of
available carbon sources.
The concepts developed in this study are significant for the

development and application of bacterial biocontrol agents of
foliar pathogens and pests. One of the problems limiting bio-
logical control in the phyllosphere is the introduction of an
antagonistic organism into an established microbial community
in which the majority of the nutritional resources already have

been sequestered. In such a community, there are no nutri-
tional niches available to the biocontrol agent. Although niche
clearing with bactericides may allow the establishment of a
bactericide-resistant biocontrol agent, the creation of a novel
metabolic niche by the exogenous or endogenous provision of
a selective substrate may be a more desirable alternative.
While it is possible to apply nutrients exogenously to maintain
the population size of an applied biocontrol agent (8, 21), it
may be preferable to maintain the population size of an ap-
plied biocontrol agent through the endogenous provision of a
selective nutritional substrate by a transgenic host plant. En-
dogenous provision of the selective substrate would obviate the
need for repeated exogenous applications. Such a system
would be particularly useful for the maintenance of an antibi-
otic-producing or an insecticidal biocontrol agent in the phyl-
losphere. Systems employing endogenously supplied selective
substrates have been proposed for the introduction of benefi-
cial microbes into the rhizosphere (17, 33, 37, 38); however,
this is the first reported attempt to investigate the potential of
endogenously provided substrates to selectively support epi-
phytic bacterial populations.
To selectively support foliar biocontrol agents under field

conditions, the chosen substrate should be catabolized only by
the engineered biocontrol agent. Not all opines would be suf-
ficiently selective for field use because the ability to catabolize
most opines is more widespread than realized originally (2, 3,
5, 35, 36, 46). However, the mannityl opine agropine is to date
known to be catabolized only by the inducing agrobacteria and
may be useful in this context. To implement such a system, it
will be necessary for all leaves, not just those on the lower plant
parts, to produce sufficient quantities of the selective substrate.
To achieve this, the mannopine synthase gene mas1 could be
placed under the regulatory control of a leaf-specific promoter.
This system and a similar system based on rhizopine are cur-
rently under investigation by M. Wilson for use in the selective
support of foliar biocontrol agents.

ACKNOWLEDGMENTS

This research was supported by a grant from the National Science
Foundation (FD91-06782).
We acknowledge G. A. Beattie, B. McSpadden, and two anonymous

reviewers for their critical review of the manuscript.

REFERENCES

1. Adee, S. R., W. F. Pfender, and D. C. Hartnett. 1990. Competition between
Pyrenophora tritici-repentis and Septoria nodorum in the wheat leaf as mea-
sured with de Wit replacement series. Phytopathology 80:1177–1182.

2. Beauchamp, C. J., J. W. Kloepper, R. Lifshitz, P. Dion, and H. Antoun. 1991.
Frequent occurrence of the ability to utilize octopine in rhizobacteria. Can.
J. Microbiol. 37:158–164.

3. Bell, C. R., N. E. Cummings, M. L. Canfield, and L. W. Moore. 1990.
Competition of octopine-catabolizing Pseudomonas spp. and octopine-type
Agrobacterium tumefaciens for octopine in chemostats. Appl. Environ. Mi-
crobiol. 56:2840–2846.

4. Boivin, C., C. Malpica, C. Rosenberg, A. Goldmann, V. Fleury, M. Maille, B.
Message, N. Pamboukdjian, and D. Tepfer. 1990. Catabolism of the plant
secondary metabolites calystegins and trigonelline by Rhizobium meliloti.
Symbiosis 9:147–154.

5. Canfield, M. L., and L. W. Moore. 1991. Isolation and characterization of
opine-utilizing strains of Agrobacterium tumefaciens and fluorescent strains
of Pseudomonas sp. from rootstocks of Malus. Phytopathology 81:440–443.

6. Clark, E., S. E. Lindow, and M. Wilson. 1992. Chromosomal insertions of
xylE in Pseudomonas syringae as identifiable markers for ecological studies.
Phytopathology 82:1179. (Abstract.)

7. Collins, M. A. 1976. Colonization of leaves by phylloplane saprophytes and
their interactions in this environment, p. 401–418. In C. H. Dickinson and
T. F. Preece (ed.), Microbiology of aerial plant surfaces. Academic Press
Ltd., London.

8. Davis, R. F., P. A. Backman, R. Rodriguez-Kabana, and N. Kokalis-Burelle.
1992. Biological control of apple fruit diseases by Chaetomium globosum
formulations containing cellulose. Biol. Control 2:118–123.

VOL. 61, 1995 ALTERED EPIPHYTIC COLONIZATION BY P. SYRINGAE 2157



9. Derridj, S., V. Gregoire, J. P. Boutin, and V. Fiala. 1989. Plant growth stages
in the interspecific oviposition preference of the European corn borer and
relations with chemicals present on the leaf surfaces. Entomol. Exp. Appl.
53:267–276.

10. Dessaux, Y., A. Petit, and J. Tempe. 1992. Opines in Agrobacterium biology,
p. 109–136. In D. P. S. Verma (ed.), Molecular signals in plant-microbe
communications. CRC Press, Inc., Boca Raton, Fla.

11. Dessaux, Y., J. Tempe, and S. K. Farrand. 1987. Genetic analysis of mannityl
opine catabolism in octopine-type Agrobacterium tumefaciens strain 15955.
Mol. Gen. Genet. 208:301–308.

12. Farrand, S. K., M. Wilson, S. E. Lindow, and M. A. Savka. 1994. Modulating
colonization by plant-associated microbes, p. 233–237. InM. H. Ryder, P. M.
Stephens, and G. D. Bowen (ed.), Improving plant productivity with rhizo-
sphere bacteria. Commonwealth Scientific and Industrial Research Organi-
sation, Glen Osmond, Australia.

13. Farrand, S. K., M. Wilson, S. E. Lindow, and M. A. Savka. 1994. Modulating
competition in the rhizosphere by resource utilization. Mol. Ecol. 3:619.
(Abstract.)

14. Fiala, V., C. Glad, M. Martin, E. Jolivet, and S. Derridj. 1990. Occurrence
of soluble carbohydrates on the phylloplane of maize (Zea mays L.): varia-
tions in relation to leaf heterogeneity and position on the plant. New Phytol.
115:609–615.

15. Godfrey, B. E. S. 1976. Leachates from aerial parts of plants and their
relation to plant surface microbial populations, p. 433–439. In C. H. Dick-
inson and T. F. Preece (ed.), Microbiology of aerial plant surfaces. Academic
Press Ltd., London.

16. Guyon, P., A. Petit, J. Tempe, and Y. Dessaux. 1992. Transformed plants
producing opines specifically promote the multiplication of pathogenic
agrobacteria: a first step towards engineered plant-bacteria associations,
abstr. 327. In Abstracts of the 6th International Symposium on Molecular
Plant-Microbe Interactions, Seattle, Wash.

17. Guyon, P., A. Petit, J. Tempe, and Y. Dessaux. 1993. Transformed plants
producing opines specifically promote growth of opine-degrading agrobac-
teria. Mol. Plant-Microbe Interact. 6:92–98.

18. Harper, J. L. 1977. The population biology of plants. Academic Press Ltd.,
London.

19. Hong, S.-B., Y. Dessaux, W. S. Chilton, and S. K. Farrand. 1993. Organiza-
tion and regulation of the mannopine cyclase-associated opine catabolism
genes in Agrobacterium tumefaciens 15955. J. Bacteriol. 175:401–410.

20. Kim, K.-S., and S. K. Farrand. 1992. Genes involved in catabolism and the
regulation of the catabolism of mannopine and agropine from the octopine
type Ti plasmid pTi15955, abstr. 19. In Abstracts of the 6th International
Symposium on Molecular Plant-Microbe Interactions, Seattle, Wash.

21. Kokalis-Burelle, N., P. A. Backman, R. Rodriguez-Kabana, and L. D. Ploper.
1992. Potential for biological control of early leafspot of peanut using Ba-
cillus cereus and chitin as foliar amendments. Biol. Control 2:321–328.

22. Lam, S. T., and T. Gaffney. 1993. Biological activities of bacteria used in
plant pathogen control, p. 291–320. In I. Chet (ed.), Biotechnology in plant
disease control. Wiley-Liss, New York.

23. Lam, S. T., N. R. Torkewitz, C. S. Nautiyal, and P. Dion. 1991. Impact of the
ability to utilize a single substrate on colonization competitiveness. Phyto-
pathology 81:1163–1164. (Abstract.)

24. Langridge, W. H. R., K. J. Fitzgerald, C. Koncz, J. Schell, A. A. Szalay. 1989.
Dual promoter of Agrobacterium tumefaciens mannopine synthase genes is
regulated by plant growth hormones. Proc. Natl. Acad. Sci. USA 86:3219–
3223.

25. Lindemann, J., L. Joe, and A. Moayeri. 1985. Reciprocal competition be-
tween INA1 wild-type and INA2 deletion mutant strains of Pseudomonas on
strawberry blossoms. Phytopathology 75:1361. (Abstract.)

26. Lindemann, J., and T. V. Suslow. 1987. Competition between ice nucleation-
active wild type and ice nucleation-deficient deletion mutant strains of
Pseudomonas syringae and P. fluorescens biovar I and biological control of
frost injury on strawberry blossoms. Phytopathology 77:882–886.

27. Lindow, S. E. 1985. Ecology of Pseudomonas syringae relevant to the field use
of Ice2 deletion mutants constructed in vitro for plant frost control, p. 23–35.
In H. O. Halvorson, D. Pramer, and M. Rogul (ed.), Engineered organisms
in the environment: scientific issues. American Society for Microbiology,
Washington, D.C.

28. Lindow, S. E. 1987. Competitive exclusion of epiphytic bacteria by Ice2

Pseudomonas syringae mutants. Appl. Environ. Microbiol. 53:2520–2527.
29. Lindow, S. E. 1988. Lack of correlation of in vitro antibiosis with antagonism

of ice nucleation-active bacteria on leaf surfaces by non-ice nucleation-active
bacteria. Phytopathology 78:444–450.

30. Morgan, J. V., and H. B. Tukey, Jr. 1964. Characterization of leachate from
plant foliage. Plant Physiol. 39:590–593.

31. Murphy, P. J., N. Heycke, Z. Banfalvi, M. E. Tate, F. J. de Bruijn, A.
Kondorosi, J. Tempe, and J. Schell. 1987. Genes for the catabolism and

synthesis of an opine-like compound in Rhizobium meliloti are closely linked
and on the Sym plasmid. Proc. Natl. Acad. Sci. USA 84:493–497.

32. Murphy, P. J., N. Heycke, S. P. Trenz, P. Ratet, and F. J. de Bruijn. 1988.
Synthesis of an opine-like compound, a rhizopine, in alfalfa nodules is
symbiotically regulated. Proc. Natl. Acad. Sci. USA 85:9133–9137.

33. Murphy, P. J., and M. H. Ryder. 1994. The use of rhizopines for artificial
rhizosphere colonization, p. 251–253. In M. H. Ryder, P. M. Stephens, and
G. D. Bowen (ed.), Improving plant productivity with rhizosphere bacteria.
Commonwealth Scientific and Industrial Research Organisation, Glen Os-
mond, Australia.

34. Murphy, P. J., S. Trenz, N. Heycke, P. Ratet, F. J. de Bruijn, M. E. Tate, P.
Putnoky, Z. Banfalv, A. Kondorosi, J. Tempe, and J. Schell. 1988. A rhizo-
pine in the alfalfa-Rhizobium symbiosis, p. 145–150. In R. Palacios and
D. P. S. Verma (ed.), Molecular genetics of plant-microbe interactions.
American Phytopathological Society, St. Paul, Minn.

35. Nautiyal, C. S., and P. Dion. 1990. Characterization of the opine-utilizing
microflora associated with samples of soil and plants. Appl. Environ. Micro-
biol. 56:2576–2579.

36. Nautiyal, C. S., P. Dion, and W. S. Chilton. 1991. Mannopine and manno-
pinic acid as substrates for Arthrobacter sp. strain MBA209 and Pseudomonas
putida NA513. J. Bacteriol. 173:2833–2841.

37. Rossbach, S., B. McSpadden, D. Kulpa, R. LeTinevez, G. Rasul, M. Schnei-
der, and F. J. de Bruijn. 1994. Use of rhizopine synthesis and catabolism
genes to create biased rhizospheres. In Abstracts of the 7th International
Symposium on Molecular Plant-Microbe Interactions, Edinburgh.

38. Rossbach, S., B. McSpadden, D. Kulpa, G. Rasul, M. Ganoff, and F. J. de
Bruijn. 1994. Use of rhizopine synthesis and catabolism genes to monitor soil
bacteria and to create biased rhizospheres. Mol. Ecol. 3:610–611. (Abstract.)

39. Saint, C. P., M. Wexler, P. J. Murphy, J. Tempe, M. E. Tate, and P. J.
Murphy. 1993. Characterization of genes for synthesis and catabolism of a
new rhizopine induced in nodules by Rhizobium meliloti Rm220-3: extension
of the rhizopine concept. J. Bacteriol. 175:5205–5215.

40. Savka, M. A., and S. K. Farrand. 1990. Bacterial utilization of transgenic
plant synthesized and secreted mannityl opines. Phytopathology 80:984–985.

41. Savka, M. A., and S. K. Farrand. 1992. Mannityl opine accumulation and
exudation by transgenic tobacco. Plant Physiol. 98:784–789.

42. Savka, M. A., and S. K. Farrand. 1993. Validity of the opine concept in
plant-bacterial interactions. In Abstracts of the Symposium on Molecular
Genetics of Plant-Microbe Interactions, Rutgers, N.J.

43. Soedarjo, M., T. K. Hemscheidt, and D. Borthakur. 1994. Mimosine, a toxin
present in leguminous trees (Leucaena spp.), induces a mimosine-degrading
enzyme activity in some Rhizobium strains. Appl. Environ. Microbiol. 60:
4268–4272.

44. Tepfer, D., A. Goldmann, V. Fleury, M. Maille, B. Message, N. Pamboukd-
jian, C. Boivin, J. Denarie, C. Rosenberg, J. Y. Lallemand, C. Descoins, I.
Charpin, and N. Amarger. 1988. Calystegins, nutritional mediators in plant-
microbe interactions, p. 139–144. In R. Palacios and D. P. S. Verma (ed.),
Molecular genetics of plant-microbe interactions. American Phytopatholog-
ical Society, St. Paul, Minn.

45. Tepfer, D., A. Goldmann, N. Pamboukdjian, M. Maille, A. Lepingle, D.
Chevalier, J. Denarie, and C. Rosenberg. 1988. A plasmid of Rhizobium
meliloti 41 encodes catabolism of two compounds from root exudates of
Calystegium sepium. J. Bacteriol. 170:1153–1161.

46. Tremblay, G., R. Gagliardo, W. S. Chilton, and P. Dion. 1987. Diversity
among opine-utilizing bacteria: identification of coryneform isolates. Appl.
Environ. Microbiol. 53:1519–1524.

47. Tukey, H. B. 1970. The leaching of substances from plants. Annu. Rev. Plant
Physiol. 21:305–324.

48. Tukey, H. B. 1971. Leaching of substances from plants, p. 67–80. In T. F.
Preece and C. H. Dickinson (ed.), Ecology of leaf surface micro-organisms.
Academic Press Ltd., London.

49. Wilson, M., I. Hwang, M. A. Savka, S. K. Farrand, and S. E. Lindow. 1993.
Enhanced coexistence between near-isogenic mannityl opine catabolizing
and non-catabolizing Pseudomonas syringae strains on mannityl opine-pro-
ducing tobacco plants. Phytopathology 83:1404. (Abstract.)

50. Wilson, M., and S. E. Lindow. 1994. Ecological similarity and coexistence of
epiphytic ice-nucleating (Ice1) Pseudomonas syringae strains and a non-ice-
nucleating (Ice2) biological control agent. Appl. Environ. Microbiol. 60:
3128–3137.

51. Wilson, M., and S. E. Lindow. 1994. Coexistence among epiphytic bacterial
populations mediated through nutritional resource partitioning. Appl. En-
viron. Microbiol. 60:4468–4477.

52. Wilson, M., and S. E. Lindow. 1995. Enhanced epiphytic coexistence be-
tween near-isogenic salicylate-catabolizing and non-catabolizing Pseudomo-
nas putida strains following exogenous salicylate application. Appl. Environ.
Microbiol. 61:1073–1076.

2158 WILSON ET AL. APPL. ENVIRON. MICROBIOL.


