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Sodium salicylate and ammonium sulfate were applied to leaf surfaces along with suspensions of the
biological control agents Pseudomonas syringae Cit7(pNAH7), which catabolizes salicylate, and Cit7, which does
not catabolize salicylate, to determine whether enhanced biological control of bacterial speck of tomato could
be achieved. Foliar amendment with salicylate alone significantly enhanced the population size and the efficacy
of Cit7(pNAH7), but not of Cit7, on tomato leaves. Application of ammonium sulfate alone did not result in
enhanced population size or biological control efficacy of either Cit7(pNAH7) or Cit7; however, when foliar
amendments with both sodium salicylate and ammonium sulfate were applied, a trend toward further increases
in population size and biological control efficacy of Cit7(pNAH?7) was observed. This study demonstrates the
potential of using a selective carbon source to improve the efficacy of a bacterial biological control agent in the
control of a bacterial plant disease and supports previous conclusions that the growth of P. syringae in the
phyllosphere is primarily carbon limited and secondarily nitrogen limited.

Effective colonization and high population size of intro-
duced bacterial biological control agents on plant surfaces have
been considered to be important factors in the successful con-
trol of plant diseases (4, 21, 24, 25). Hence, many strategies
have been employed to enhance colonization and population
size of bacterial biological control agents in order to improve
biological control efficacy, including attempts to use nutritional
amendments to favor the growth and activity of those biolog-
ical control agents (2, 8, 11, 23, 27). Chitin applied as an
amendment along with chitinolytic Bacillus cereus strain 304,
an antagonist of early leaf spot of peanut, increased the pop-
ulation size of this bacterium on peanut leaves, resulting in
significant disease control (18). Amino acids were used as an
amendment to enhance the population size of an antagonistic
nonpathogenic bacterial strain on apple fruits, resulting in im-
proved biological control of blue mold on ripe apples (15).
Methionine increased the population size of the biological
control agent Pseudomonas putida AP-1 in soil, and the sup-
pression of Fusarium wilt on tomato was greater when AP-1
was used with methionine than when AP-1 was used alone
(35).

The ability to selectively increase the population size and
biological control efficacy of a target biological control agent
through nutritional amendment is based on the observation
that availability of nutrients is a limiting factor for growth of
microbial populations in various plant habitats (1, 12, 14, 31—
35). An understanding of the nutritional composition of these
environments, therefore, is important when using nutrient
amendments to enhance the population size of introduced
bacteria. Leaf surfaces are a nutrient-limited environment, and
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it has been reported that bacteria in the phyllosphere are
primarily carbon limited and secondarily nitrogen limited (31—
34). Exogenous application of the carbon source salicylate in-
creased the population size of a salicylate-catabolizing P.
putida strain in the phyllosphere of beans (33). Endogenous
provision of mannityl opines by mannityl opine-producing
transgenic tobacco also increased the population size of
Pseudomonas syringae Cit7(pYDH208) in the phyllosphere due
to its ability to catabolize mannityl opines as a source of carbon
and nitrogen (34). It was hypothesized, therefore, that amend-
ment with selective carbon sources could be employed to in-
crease the population size and efficacy of a biological control
agent in the phyllosphere, if the primary mechanism of the
biological control agent was population size dependent.

In this study, the goal was to use carbon source amendment
to selectively increase the phyllosphere population size of the
biological control agent P. syringae Cit7 (30) and to determine
whether this resulted in increased efficacy against bacterial
speck of tomato. To achieve this selectivity, and because of the
similarity in nutrient utilization profiles between P. syringae
Cit7 and the pathogen P. syringae pv. tomato, the biological
control agent was provided with a novel catabolic activity. The
salicylate catabolism plasmid pNAH7 (10, 36) was mobilized
into the biological control agent Cit7 to confer upon it the
selective use of the carbon source salicylate. However, since
bacteria in the phyllosphere are believed to be primarily car-
bon limited and secondarily nitrogen limited (31-34), only a
certain increase in bacterial population size could be achieved
by provision of carbon alone. Therefore, the nonselective ni-
trogen source ammonium sulfate was applied in conjunction
with the salicylate to achieve a maximal increase in population
size and, hopefully, biological control efficacy, without losing
the selectivity provided by the carbon source.

Bacterial strains. P. syringae strain Cit7, resistant to rifampin
(100 pg/ml), was provided by S. E. Lindow (University of
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California, Berkeley). The pathogen P. syringae pv. tomato
strain PT12 was provided by D. A. Cooksey (University of
California, Riverside). P. putida strain PpG7 Leu™ was pro-
vided by S. F. Colbert (University of California, Berkeley) and
is a stable leucine auxotroph of PpG7 which is sensitive to
rifampin. PpG7 Leu™ carries the plasmid pNAH7, which con-
fers the ability to catabolize salicylate (10, 36). P. syringae
Cit7(pNAH7) was generated in this study by transferring the
plasmid pNAH?7 to Cit7 through biparental mating with PpG7
Leu™ by methods described previously (6). Growth of
Cit7(pNAH7) on King’s medium B (17) was typical of P. sy-
ringae Cit7 rather than P. putida, and the identity of the
transconjugant was further confirmed by using the Sherlock
GC-FAME system (MIDI, Newark, Del.).

Foliar carbon and nitrogen amendments and experimental
design. Sodium salicylate and ammonium sulfate were used as
carbon and nitrogen sources, respectively, to investigate their
influence on population size and efficacy of inoculated biolog-
ical control agents P. syringae Cit7 and Cit7(pNAH7) under
both growth chamber and greenhouse conditions. Bacteria
were cultured on King’s medium B or minimal medium A (20)
amended with sodium salicylate (10 mM), washed from the
plates, and suspended in sterile potassium phosphate buffer
(PPB;10 mM, pH 7.0). Bacterial suspensions were spray inoc-
ulated onto upper and lower leaf surfaces of 5-week-old to-
mato plants (cv. Agriset 761; Agrisales, Inc., Plant City, Fla.) at
a concentration of 10° or 10”7 CFU per ml. Sodium salicylate
and ammonium sulfate were added to the bacterial suspen-
sions immediately prior to inoculation onto tomato leaves. In
accordance with published studies using salicylate (5, 33), both
sodium salicylate and ammonium sulfate were applied at a
concentration of 0.6 g/liter. However, 0.6-g/liter salicylate was
occasionally phytotoxic to 5-week-old tomato plants; hence, a
concentration of 0.3 g/liter was used in all subsequent experi-
ments.

Tomato plants were grown in pots containing Promix (Pre-
mier Peat Ltd., Riviere-du-Loup, Quebec, Canada) and incu-
bated in a growth chamber under conditions of 25°C, 100%
relative humidity, and 12-h photoperiod or in the greenhouse
under ambient conditions suitable for bacterial speck develop-
ment (16, 30). A randomized complete block design was used
in each experiment. Each experiment consisted of 12 treat-
ments and four or five replications for each treatment with one
plant in each replicate. All experiments were performed at
least twice.

Effect of salicylate and ammonium amendment on bacterial
population sizes. Tomato leaflets were sampled at the time of
inoculation and at 24-h intervals up to 4 or 5 days after inoc-
ulation. Fifteen or 20 leaflets were collected at each time from
each treatment in the growth chamber or greenhouse experi-
ment, respectively, 3 or 4 leaflets per plant. Leaves were col-
lected from the top, middle, and bottom parts of individual
tomato seedlings at each sampling time. Assessment of bacte-
rial population sizes in the greenhouse was conducted with the
same tomato plants used for disease control assays. For enu-
meration of bacterial population sizes, individual leaves were
placed in 20 ml of PPB in sterile Whirl-Pak bags (Macalaster
Bicknell Co., New Haven, Conn.). The bags were sonicated in
an ultrasonic bath (FS28; Fisher Scientific) for 7 min to dis-
lodge bacteria from leaf surfaces and shaken briefly to suspend
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FIG. 1. Influence of foliar sodium salicylate and ammonium sulfate
amendments on population size of P. syringae Cit7 and Cit7(pNAH7)
on tomato leaves. Sodium salicylate (O) and ammonium sulfate (V)
were applied separately or were used in combination (V). Application
of PPB (@) was used as a control. Error bars, standard errors of the
means of population size estimated from 20 or 15 leaflets. (A) P.
syringae Cit7 in the growth chamber; (B) P. syringae Cit7(pNAH7) in
the growth chamber; (C) P. syringae Cit7 in the greenhouse; (D) P.
syringae Cit7(pNAH7) in the greenhouse. Experiments were repeated
twice in the greenhouse and three times under growth chamber con-
ditions. One representative experiment is presented for each location.

the bacterial cells. Leaf washings were diluted and plated with
a spiral plater (Spiral Biotech, Inc.) onto tryptic soy agar
amended with rifampin (100 pg/ml) and cycloheximide (100
wg/ml), the latter to suppress fungal growth. The plates were
incubated at 28°C for 30 h, and bacterial colonies were counted
with a laser colony counter (Spiral Biotech, Inc.). The mean
log,-transformed population size was estimated from the 15
or 20 individual leaves. Population sizes were compared statis-
tically through analysis of variance and Fisher’s protected-
least-significant-difference test with Proc GLM of the Statisti-
cal Analysis System (SAS Institute Inc., Cary, N.C.).

Application of sodium salicylate as a foliar amendment
significantly enhanced population size of P. syringae
Cit7(pNAH7) on tomato leaves. Under growth chamber con-
ditions, population sizes of Cit7(pNAH7) on leaf surfaces, 24
to 120 h after inoculation, were increased by two- to threefold
when salicylate was added to the inoculum (Fig. 1B). In con-
trast, salicylate amendment did not increase the population
size of P. syringae Cit7 on tomato leaves under the same con-
ditions (Fig. 1A). Under greenhouse conditions, population
sizes of Cit7(pNAH7) on leaf surfaces, at 24 to 96 h after
inoculation, were significantly increased, by two- to fourfold,
when sodium salicylate was added to the inoculum (Fig. 1D).
Once again, the population size of Cit7 was not increased
under the same conditions (Fig. 1C).

Amendment of the biological control agent inoculum with
ammonium sulfate alone did not increase the population size
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of either Cit7 or Cit7(pNAH7). However, when ammonium
sulfate was used in conjunction with sodium salicylate, further
increases in population size of Cit7(pNAH7) were observed
under growth chamber conditions (Fig. 1B). These enhance-
ments represented a significant increase of 3- to 6-fold com-
pared with Cit7(pNAH?7) applied without nutritional amend-
ment and an increase of 1.2- to 1.6-fold compared with
Cit7(pNAH7) amended with salicylate alone, though the latter
was not statistically significant. In contrast, no increases in
population size of Cit7 were observed when ammonium sulfate
was used with sodium salicylate as a foliar amendment (Fig. 1A
and C).

Since salicylate was used by Cit7(pNAH7) as a car-
bon source, the observed increase in population size of
Cit7(pNAH?7) as a result of salicylate amendment supports the
conclusion that carbon source availability is the primary factor
limiting growth of P. syringae in the phyllosphere (31-33).
Previous studies indicated that application of salicylate to the
bean (Phaseolus vulgaris) phyllosphere (33) and to the soil (6,
28) significantly enhanced the population size or favored the
survival of salicylate-catabolizing P. putida and Enterobacter
agglomerans strains, also suggesting the existence of carbon
limitation in these habitats. While application of the nitrogen
source ammonium sulfate alone did not increase the popula-
tion size of either Cit7 or Cit7(pNAH?7), application of ammo-
nium sulfate with sodium salicylate further increased the pop-
ulation size of Cit7(pNAH?7). These data suggest that, in the
phyllosphere of the tomato, P. syringae was primarily carbon
limited and secondarily nitrogen limited, which is consistent
with observations of P. syringae in the bean phyllosphere (31—
33). It was noted that the effect of ammonium sulfate, when
applied along with salicylate, on population sizes of Cit7
(pPNAH?7) was more prominent in growth chamber studies than
in the greenhouse (Fig. 1B and D). This might indicate that the
nutritional compositions of exudates in the phyllosphere of
tomato plants under growth chamber and greenhouse condi-
tions were not identical; for example, nitrogen availability in
the tomato phyllosphere might have been somewhat lower
under growth chamber than under greenhouse conditions.

Effect of salicylate and ammonium amendment on biological
control efficacy. Evaluation of disease control efficacy was con-
ducted in the greenhouse. The pathogen was applied 48 h after
inoculation of the biological control agents. To prepare the
inoculum of the pathogen, P. syringae pv. tomato PT12 was
grown on tryptic soy agar plates and bacterial cells were
scraped from plates and suspended in PPB. The pathogen
suspension (approximately 10° CFU/ml) was spray inoculated
onto upper and lower leaf surfaces. To evaluate disease sever-
ity, 10 leaflets per plant were collected 7 days after inoculation
of the pathogen. Lesions on each leaflet were counted manu-
ally, and the area of each leaflet was measured with an image
analysis system (AgVision Monochrome system; Decagon De-
vices, Pullman, Wash.). Disease severity data were subjected to
log transformation and expressed as log,, [(number of lesions
+ 1)/square centimeter] (16, 30). Analysis of variance was
performed by using the ANOVA or GLM procedures of the
Statistical Analysis System. Means were compared by using
Duncan’s multiple-range test at P = 0.05. Biological control
effectiveness was quantified as the percent reduction in disease
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FIG. 2. Effect of sodium salicylate (SA) and ammonium sulfate

amendment on effectiveness of P. syringae Cit7 and Cit7(pNAH7) in

reduction of foliar severity of bacterial speck of tomato under green-

house conditions. Sodium salicylate and ammonium sulfate were ap-

plied at concentrations of 0.3 and 0.6 g/liter, respectively. Control

plants were treated with buffer or nutritional amendments but no

biological control agent. Reduction in disease severity was derived

from the mean of four repeated experiments. Same letter indicates no
significant difference (P = 0.05).

severity compared to that for the pathogen-only control (16,
30).

Application of salicylate alone provided moderate but sig-
nificant control of bacterial speck in the greenhouse (Fig. 2)
due to the well-documented induction of systemic acquired
resistance (SAR). The combination of Cit7 and salicylate con-
sistently provided disease suppression greater than either Cit7
alone or salicylate alone, though these differences were not
statistically significant (Fig. 2). Most importantly, however, ap-
plications of the biological control agent P. syringae
Cit7(pNAH7) amended with both sodium salicylate and am-
monium sulfate provided the greatest disease reduction in
three out of four trials (data not shown). This level of disease
reduction was significantly higher than that provided by Cit7
plus sodium salicylate and ammonium sulfate or Cit7(pNAH7)
alone but was not significantly greater than that provided by
Cit7(pNAH7) amended with sodium salicylate alone (Fig. 2).
Cit7(pNAH7) amended with sodium salicylate provided a sig-
nificantly higher degree of disease reduction than Cit7 amended
with sodium salicylate. Application of ammonium sulfate alone
did not affect disease severity significantly (Fig. 2).

The use of nutritional amendments has previously been re-
ported to enhance the efficacy of several bacterial and fungal
biological control agents of fungal diseases (8, 11, 13-15, 18,
35). There are also reports that certain carbohydrates, such as
2-deoxy-D-ribose, may be useful as nutritional amendments to
enhance the growth of bacterial biological control agents which
control bacterial pathogens (3, 29). The study presented here,
however, is the first to report that application of a nutritional
substrate which was selectively utilized by a bacterial biological
control agent enhanced the level of control of a disease caused
by a bacterial plant pathogen. This study also demonstrated the
feasibility of improving disease control efficacy, especially
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when the pathogen is physiologically similar to the biological
control agent, as was the case in this report, by conferring upon
the biological control agent a unique catabolic ability.

In retrospect, salicylate was not an ideal selective carbon
source for these studies since it has effects on host plant phys-
iology. Foliar application of salicylate alone significantly re-
duced the severity of bacterial speck of tomato (Fig. 2), indi-
cating that salicylate induced SAR in the tomato plant against
the pathogen P. syringae pv. tomato. Induction of SAR against
a bacterial pathogen has been previously reported for P. syrin-
gae pv. tomato (5), P. syringae pv. syringae (19, 26), and Erwinia
carotovora subsp. carotovora (22). While application of a selec-
tive carbon source that had no indirect effects on the host or
pathogen would have been desirable, we can assume that these
indirect effects on the host and/or pathogen were equivalent
for both Cit7 and Cit7(pNAH7) and, therefore, that any dif-
ferential effects were due to provision of a carbon source which
could be catabolized by Cit7(pNAH?7) but not Cit7. The data
appear to support this assumption. Salicylate amendment sig-
nificantly increased the population size and biological control
efficacy of Cit7(pNAH7), the bacterial strain that catabolizes
salicylate, but not that of the nearly isogenic strain Cit7, which
does not catabolize salicylate. Since strains Cit7 and Cit7
(pPNAHY7) are nearly isogenic, apart from the presence of the
plasmid conferring salicylate utilization, the increase in popu-
lation size and biological control efficacy of Cit7(pNAH7) was
almost certainly due to the provision of a selective carbon
source rather than to other potential effects of salicylate, such
as induction of SAR, altered pH of the leaf surface, direct
toxicity to the pathogen, or inhibition of antagonistic microor-
ganisms that might have suppressed Cit7 and Cit7(pNAH?7).

The mechanism through which an increase in population
size of Cit7(pNAH7) resulted in an increase in the level of
biological control is uncertain. It has been suggested that Cit7
may induce host defense responses in tomato plants (30). In
greenhouse and field experiments, in addition to providing
significant control of bacterial speck of tomato (30), Cit7 sig-
nificantly reduced the severity of bacterial spot of tomato,
caused by the pathogen Xanthomonas campestris pv. vesicato-
ria (M. Wilson et al., unpublished data). P. syringae Cit7 is not
known to produce any antibiotics against X. campestris pv.
vesicatoria, and preemptive competitive exclusion of epiphytic
X. campestris pv. vesicatoria is unlikely, due to different nutri-
ent utilization profiles (9, 21); hence, these factors are not
thought to be significant in the control of bacterial spot of
tomato, and induced resistance is presumed to be involved
(30). There are precedents for population size dependence of
induced host responses. Raaijmakers et al. (24) reported that
the level of suppression of Fusarium wilt of radish was signif-
icantly related to the rhizosphere population density of the
bacterial strain WCS358, which suppressed the disease by in-
duction of systemic resistance. So an increase in the population
size of Cit7(pNAH7) may have resulted in greater levels of
induced resistance in the tomato plants.

In summary, the increase in the population size of
Cit7(pNAH?7) achieved through sodium salicylate amendment
demonstrated the potential of using a selective carbon source
to create a catabolic niche for the biological control agent.
Selectivity of salicylate was important, not only because this
carbon source was unavailable to the pathogen but also be-
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cause the rarity of the ability to catabolize salicylate (7) might
also have limited the consumption by indigenous microorgan-
isms. It is presumed that provision of such a catabolic niche
and enhancement of the population size of the biological con-
trol agent would only be beneficial in those instances in which
the mechanism of action is population size dependent and does
not rely on preemptive utilization of carbon sources naturally
present in the phyllosphere.
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