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It has been demonstrated that for a nonpathogenic, leaf-associated bacterium, effectiveness in the control of
bacterial speck of tomato is correlated with the similarity in the nutritional needs of the nonpathogenic
bacterium and the pathogen Pseudomonas syringae pv. tomato. This relationship was investigated further in this
study by using the pathogen Xanthomonas campestris pv. vesicatoria, the causal agent of bacterial spot of
tomato, and a collection of nonpathogenic bacteria isolated from tomato foliage. The effects of inoculation of
tomato plants with one of 34 nonpathogenic bacteria prior to inoculation with the pathogen X. campestris pv.
vesicatoria were quantified by determining (i) the reduction in disease severity (number of lesions per square
centimeter) in greenhouse assays and (ii) the reduction in leaf surface pathogen population size (log10 of the
number of CFU per leaflet) in growth chamber assays. Nutritional similarity between the nonpathogenic
bacteria and X. campestris pv. vesicatoria was quantified by using either niche overlap indices (NOI) or
relatedness in cluster analyses based upon in vitro utilization of carbon or nitrogen sources reported to be
present in tomato tissues or in Biolog GN plates. In contrast to studies with P. syringae pv. tomato, nutritional
similarity between the nonpathogenic bacteria and the pathogen X. campestris pv. vesicatoria was not correlated
with reductions in disease severity. Nutritional similarity was also not correlated with reductions in pathogen
population size. Further, the percentage of reduction in leaf surface pathogen population size was not
correlated with the percentage of reduction in disease severity, suggesting that the epiphytic population size of
X. campestris pv. vesicatoria is not related to disease severity and that X. campestris pv. vesicatoria exhibits
behavior in the phyllosphere prior to lesion formation that is different from that of P. syringae pv. tomato.

Biological control of plant diseases involves interactions be-
tween a biological control agent and a plant pathogen; hence,
an understanding of the ecology of the pathogen and the bio-
logical control agent is essential to the development of a bio-
logical control strategy. Many foliar bacterial pathogens have
been reported to colonize plant surfaces prior to infection (6),
and the sizes of these populations have subsequently been
related to disease severity or incidence (11, 24, 29). These
findings suggest that strategies which reduce the leaf surface
population size of a pathogen might reduce the subsequent
severity or incidence of the disease. While data demonstrating
such a phenomenon in the biological control of a plant patho-
gen are scarce, this relationship has been demonstrated with
ice nucleation-active (Ice�) bacteria. The incidence of frost
injury to susceptible plant tissues is proportional to the loga-
rithm of the population size of Ice� Pseudomonas syringae on
each leaf (17); hence, the incidence of frost injury can be
reduced by prior application of Ice� P. syringae strains that
reduce the population size of Ice� P. syringae strains (12–16).

The success of this strategy in the biological control of frost
injury suggested that this approach might be effective not only
against Ice� P. syringae strains but also against other phyto-
pathogenic bacteria which colonize leaf surfaces. Preemptive
competitive exclusion due to the prior utilization of limiting

nutritional resources by the Ice� bacteria in the phyllosphere is
an important aspect of the mechanism involved in the reduc-
tion of population sizes of Ice� P. syringae and frost injury (14,
15, 34). Wilson and Lindow (34) demonstrated that on nitro-
gen-sufficient plants, the leaf-associated bacterial populations
were limited primarily by carbon and secondarily by nitrogen
and that preemptive exclusion of Ice� P. syringae by the Ice�

strains was probably due to prior utilization of carbon sources
in the phyllosphere. Wilson and Lindow also demonstrated
that the level of coexistence between Ice� P. syringae and
various nonpathogenic leaf-associated bacteria in the phyllo-
sphere was inversely correlated with the similarity of the nu-
tritional needs of Ice� and Ice� P. syringae strains, which was
quantified by using a niche overlap index (NOI) based upon in
vitro carbon source utilization profiles (34, 35). These studies
suggested that nutritional similarity between a biological con-
trol agent and a pathogen may be an important determinant of
the ability of nonpathogenic leaf-associated bacteria to reduce
pathogen population size and, hence, disease severity. Further,
the studies suggested that the effectiveness of a given non-
pathogenic bacterium in biological control through preemptive
competitive exclusion should be proportional to the nutritional
similarity between that bacterium and the target pathogen
(35).

The importance of nutritional similarity in the biological
control of foliar bacterial diseases has been investigated pre-
viously with P. syringae pv. tomato, the causal agent of bacterial
speck of tomato (8). Using a collection of nonpathogenic leaf-
associated bacteria and Tn5-generated catabolic mutants of P.
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syringae strain TLP2, a biological control agent of P. syringae
pv. tomato (33), Ji and Wilson (8) observed nutritional simi-
larity between the nonpathogenic bacteria or the catabolic
mutants and P. syringae pv. tomato to be positively correlated
with reductions in bacterial speck severity.

In order to determine whether the significance of nutritional
similarity is also applicable to the biological control of other
leaf-associated phytopathogenic bacteria or whether it applies
only to the biological control of Ice� P. syringae and P. syringae
pathovars, we decided to examine the tomato pathogen Xan-
thomonas campestris pv. vesicatoria, the causal agent of bacte-
rial spot of tomato. Leben (10) was the first to observe that X.
campestris pv. vesicatoria multiplied on tomato seedlings for
several days before symptom occurrence. Since then it has
been reported several times that X. campestris pv. vesicatoria is
capable of epiphytic growth (multiplication on the leaf surface)
and survival on the surfaces of host species prior to the ap-
pearance of symptoms (1, 9, 18, 19, 22, 28, 31). These obser-
vations suggest that X. campestris pv. vesicatoria colonizes the
leaf surface prior to invading the leaf and that a reduction in
the population size of X. campestris pv. vesicatoria on the leaf
surface through prior application of preemptive biological-
control agents might result in a reduction in disease severity.

This study tested the hypothesis that the effectiveness of a
given nonpathogenic bacterium in the reduction of the popu-
lation size of the pathogen and the suppression of the severity
of bacterial spot is positively correlated with the nutritional
similarity between the nonpathogenic bacterium and X.
campestris pv. vesicatoria. Since bacterial populations in the
phyllosphere are limited primarily by carbon and secondarily
by nitrogen (34), nutritional similarity between the nonpatho-
genic bacteria and X. campestris pv. vesicatoria was estimated
by using both carbon and nitrogen sources. Determination of
such a relationship suggests that the role of nutritional simi-
larity in determining biological control efficacy is applicable to
different phytopathogenic bacterial species and that preemp-
tive competitive exclusion may be an appropriate strategy for
the biological control of several foliar bacterial diseases.

MATERIALS AND METHODS

Bacterial strains. The nonpathogenic bacteria used in this study were isolated
from nonsymptomatic tomato foliage. Strains whose designations begin with “B”
were isolated in Florida (J. B. Jones, University of Florida, Gainesville). The
“Xc” strains were isolated in Georgia (R. Gitaitis, University of Georgia, Tifton),
the “BT” strains were isolated in Alabama (P. A. Backman, Auburn University,
Auburn, Ala.), and the “Cu” strains were isolated in Alabama (this study). All
strains were identified using the Sherlock GC-FAME system (MIDI, Newark,
Del.). This collection of nonpathogenic bacteria from tomato foliage was sup-
plemented with P. syringae strains TLP2 and CIT7 (13) and Pseudomonas fluo-
rescens strain A506 (36) from S. E. Lindow (University of California, Berkeley).
This study employed a total of 34 bacteria from diverse genera, including Xan-
thomonas, Serratia, Bacillus, Cellulomonas, Comamonas, Pseudomonas, Erwinia,
Clavibacter, and Pantoea. Strains were stored in 20% (vol/vol) glycerol in tryptic
soy broth at �80°C. X. campestris pv. vesicatoria strain AD17 was isolated from
an infected tomato plant in Alabama and was determined to be from tomato race
T1/pepper race P2 (T1P2) subgroup A (2). A spontaneous mutant of AD17,
designated AD17rif3, which is resistant to 100 �g of rifampin per ml and was not
significantly less virulent than the wild type (data not shown), was selected for use
throughout this study.

Preparation of bacterial inocula. All bacterial cultures were grown on tryptic
soy agar (TSA) (Difco Laboratories, Detroit, Mich.) or TSA amended with 100
�g of cycloheximide per ml and 100 �g of rifampin per ml for 48 h at 28°C.
Bacterial cells were scraped from the plate and suspended in potassium phos-
phate buffer (PPB; 0.01 M, pH 7.0). The cell suspensions were adjusted to the

appropriate concentrations by using a spectrophotometer and a standard curve
of optical density (� � 600 nm) and concentration (number of CFU per milli-
liter) of X. campestris pv. vesicatoria.

Assessment of the reduction in disease severity. One group of four 5-week-old
tomato plants (Lycopersicon esculentum cv. Agriset 761) was mist inoculated with
a suspension of each of the nonpathogenic bacterial strains (�107 CFU/ml) or
with sterile PPB (pathogen-only control). The plants were arranged in a ran-
domized complete block design in a plastic tent and incubated under conditions
of continuous high relative humidity. After 48 h, all the plants were inoculated
with a suspension of the pathogen X. campestris pv. vesicatoria strain AD17rif3
(�108 CFU/ml). The plants were incubated under conditions of high relative
humidity, at a temperature of 25 to 30°C, and with a light period of approxi-
mately 12 h until symptom development. Disease severity was quantified by
determining the number of lesions per unit leaf area (i.e., number of lesions per
square centimeter) on 10 leaflets from each of four plants collected 10 days after
pathogen inoculation. The disease severity data were subjected to log transfor-
mation, and analysis of variance was performed using the analysis of variance or
general linear models (PROC/GLM) of the Statistical Analysis System (SAS
Institute, Cary, N.C.). The means were compared by using Duncan’s multiple-
range test at a P of 0.05. Biological control efficacy was quantified as the per-
centage of reduction in disease severity compared to that with the pathogen-only
control. The experiment was repeated three times to allow for a determination
of the mean reduction in disease severity.

Assessment of the reduction in pathogen population size. One group of three
5-week-old tomato plants (cv. Agriset) was inoculated with a suspension of each
of the nonpathogenic bacteria (�107 CFU/ml) or with sterile PPB (the pathogen-
only control). The plants were incubated under the conditions described above
for disease assessment. After 48 h, all plants were inoculated with a suspension
of X. campestris pv. vesicatoria strain AD17rif3 (�106 CFU/ml). The initial
pathogen population size was determined from 10 leaflets collected from the
pathogen-only control (immediately after pathogen inoculation), and the final
pathogen population size was determined from 10 leaflets collected from each
treatment group 8 days after inoculation with the pathogen. Enumeration of leaf
surface pathogen population sizes was performed as described previously (8).
The percentage of reduction in pathogen population size on the plants treated
with each nonpathogenic bacterium compared to the population size of the
pathogen-only control (y) was calculated by using the formula y � 100[(a � b)(a
� x)], where a is the final mean pathogen population size on the pathogen-only
control plants (number of CFU per leaf), b is the final mean pathogen population
size on the non-pathogen-treated plants (number of CFU per leaf), and x is the
mean population size on the pathogen-only control plants immediately following
inoculation (number of CFU per leaf) (i.e., the increase in pathogen population
size on the non-pathogen-treated plants as a percentage of the increase in
pathogen population size on the pathogen-only plants). The experiment was
conducted three times, and the mean percentage of reduction in population size
was used in the subsequent correlation analyses.

Determination of nutritional similarity: NOIs. In vitro carbon and nitrogen
source utilization profiles were determined for X. campestris pv. vesicatoria strain
AD17rif3 by using compounds reported to be present in tomato tissues (3, 4, 23,
27) (Table 1) and presumed to also be present in the tomato phyllosphere. X.
campestris pv. vesicatoria strain AD17rif3 was grown on 1/10-strength TSA for
72 h at 28°C. A 10-ml volume of bacterial suspension (�108 CFU/ml) in PPB was
inoculated onto minimal medium A (21) containing individual compounds as a
sole source of carbon (with ammonium sulfate added as a nitrogen source) or
nitrogen (with glucose added as a carbon source) at a concentration of approx-
imately 10 mM. Plates were incubated for 10 days at 28°C. Growth on the sole
carbon or nitrogen source plates was compared with that on a negative-control
(minimal medium A with no carbon or nitrogen source) plate to determine which
compounds were utilized and supported an increase in biomass. Carbon and
nitrogen source utilization profiles of the nonpathogenic bacteria were subse-
quently determined by using the carbon or nitrogen sources which supported the
growth of X. campestris pv. vesicatoria. Nutritional profiles were also obtained for
X. campestris pv. vesicatoria strain AD17rif3 and the nonpathogenic bacteria by
using Biolog, Inc. (Hayward, Calif.), GN microplates and recommended proce-
dures.

Wilson and Lindow (34, 35) estimated nutritional similarity using NOIs cal-
culated with the formula NOI � the number of carbon sources used by both the
nonpathogenic bacterium and the pathogen/the total number of carbon sources
used by the pathogen.In this study, nutritional similarity between the nonpatho-
genic bacteria and X. campestris pv. vesicatoria was estimated by using carbon
and nitrogen utilization data and the Biolog GN profiles (Table 2) with the
formulae NOIC � the number of carbon sources used by both the nonpathogenic
bacterium and X. campestris pv. vesicatoria/the number of carbon sources used by

VOL. 69, 2003 NUTRITIONAL SIMILARITY NOT PREDICTIVE OF CONTROL 3485



X. campestris pv. vesicatoria; NOIN � the number of nitrogen sources used by
both the nonpathogenic bacterium and X. campestris pv. vesicatoria/the number
of nitrogen sources used by X. campestris pv. vesicatoria; and NOIBiolog � the
number of compounds used by both the nonpathogenic bacterium and X.
campestris pv. vesicatoria/the number of compounds used by X. campestris pv.
vesicatoria.

Determination of nutritional similarity: cluster analysis. Cluster analysis was
included in this study with X. campestris pv. vesicatoria, though it was not
included in the previous study with P. syringae pv. tomato (8), because it provides
an additional, slightly different perspective on nutritional similarity than does the
NOI. The NOI focuses specifically on the overlap in nutrient use between the
biological control agent and the pathogen but does not address the use of
nutrients outside this region of overlap, while cluster analysis takes into account
the complete list of nutrients utilized by both organisms. The use of both ana-
lytical approaches provides a more thorough assessment of nutritional similarity
between the biological control agent and the pathogen.

The carbon and nitrogen source utilization data were subjected to cluster
analysis by Ward’s clustering method in the JMP statistical software package
(SAS Institute). The Biolog GN nutritional profiles were subjected to cluster
analysis with Biolog ML3N software (Biolog, Inc.). Nutritional similarity be-
tween the nonpathogenic bacteria and the pathogen was estimated from these
dendrograms, in which the x axis represents relatedness by a relative linear
measurement in centimeters.

Relationship between nutritional similarity and reduction in disease severity
or pathogen population size. Regression analyses were used to assess the rela-
tionship between a similarity in nutritional needs (i.e., sole carbon source utili-
zation [NOIC or relatedness], carbon source utilization in the Biolog GN micro-
plates [NOIBiolog or relatedness], or sole nitrogen source utilization [NOIN or
relatedness]) and the percentage of reduction in disease severity or pathogen
population size, for which the mean percentage of reduction from the three
repeated experiments was used. Multiple-correlation analyses were employed to
determine whether reductions in disease severity or pathogen population size
were correlated with the utilization of any individual carbon or nitrogen source
by the nonpathogenic bacteria.

RESULTS

Qualitative examination of the dendrograms from cluster
analyses suggested that a similarity in the nutritional needs of
the nonpathogenic bacteria and X. campestris pv. vesicatoria,
estimated from the sole carbon source or the Biolog GN car-
bon source utilization profiles, was not correlated with reduc-
tions in either disease severity or pathogen population size. In
the dendrogram from cluster analysis of the sole carbon source
utilization data (Fig. 1A), many of the strains that provided the
largest mean reductions in disease severity (e.g., B2, Xc89-301,
B41, and BT1) or population size (e.g., Cu26, Cit7, Xc84-2b,
Xc84-2a, and B36) clustered in groups different from that of
the pathogen. The only strains which clustered close to the
pathogen were Cu34 (Pseudomonas sp.), which provided a
large mean reduction in disease severity, and B56 (Pseudomo-
nas putida), which provided a large mean reduction in popu-
lation size. A similar situation occurred with the dendrogram
from cluster analysis of the Biolog GN carbon source utiliza-

TABLE 1. In vitro sole carbon and nitrogen source utilization profiles for X. campestris pv. vesicatoria strain AD17rif3 based on carbon and
nitrogen sources reported to be present in tomato tissues and presumed to be present in tomato leaf exudates

Source
compound

Compounds utilized or not utilized by X. campestris pv. vesicatoria strain AD17rif3

Utilized Not utilized

Carbon trans-aconitic acid, alanine, aspartic acid, citric acid, fructose,
fumaric acid, glucose, glutamic acid, histidine, malic acid,
oxaloacetic acid, serine, succinic acid, sucrose, threonine

Acetic acid, �-alanine, arginine, ascorbic acid, asparagine,
citrulline, cysteine, dihydroxytartaric acid,
ethanolamine, formic acid, GABA, galacturonic acid,
glutaric acid, glycine, glycolic acid, isoleucine, lactic
acid, lysine, leucine, maleic acid, malonic acid,
methionine, mevalonic acid, myoinositol, oxalic acid,
phenylalanine, pipecolic acid, proline, quinic acid,
starch, tartaric acid, tryptophan, tyrosine, valine

Nitrogen Alanine, arginine, asparagine, aspartic acid, citrulline, ethanolamine,
GABA, glutamic acid, glutamine, histidine, isoleucine, leucine,
methionine, phenylalanine, pipecolic acid, proline, tyrosine

�-Alanine, cysteine, glycine, lysine, quinic acid, serine,
threonine, valine

TABLE 2. Nutritional similarities between nonpathogenic tomato
leaf-associated bacteria and the bacterial spot pathogen X.

campestris pv. vesicatoria strain AD17rif3

Strain Gram
reactiona Genus

Nutritional similarity (%)b

NOIC NOIBiolog NOIN

Xc84-1 � Xanthomonas 0.93 0.78 1.00
Xc84-2a � Xanthomonas 0.80 0.88 1.00
Xc84-2b � Xanthomonas 0.80 0.96 1.00
Xc88-34 � Xanthomonas 0.80 0.98 1.00
Xc88-37 � Xanthomonas 0.80 0.94 1.00
Xc89-22a � Xanthomonas 0.87 ND 1.00
Xc89-22b � Xanthomonas 0.80 ND 0.94
Xc89-301 � Xanthomonas 0.87 0.94 1.00
BT1 � Cellulomonas 0.73 ND 0.94
BT2 � Xanthomonas 0.80 0.92 0.59
BT3a � Xanthomonas 0.80 0.88 0.35
BT3b � Bacillus 0.80 ND 0.80
BT5 � Serratia 1.00 0.96 1.00
BT7 � Bacillus 0.67 ND 1.00
BT9 � Cellulomonas 0.87 ND 0.41
BT10 � Bacillus 0.27 ND 1.00
BT11 � Stenotrophomonas 0.27 ND 0.47
BT13 � Xanthomonas 0.87 0.88 0.06
BT25 � Serratia 1.00 0.96 1.00
B2 � Erwinia 0.93 0.74 1.00
B11 � Comamonas 0.80 0.55 0.82
B18 � Clavibacter 0.73 ND 1.00
B26 � Clavibacter 0.73 ND 1.00
B36 0 Bacillus 0.73 ND 0.35
B41 � Pseudomonas 0.67 0.53 1.00
B52 � Pseudomonas 0.87 0.47 1.00
B56 � Pseudomonas 1.00 0.64 1.00
TLP2 � Pseudomonas 0.87 0.73 1.00
A506 � Pseudomonas 0.87 0.70 1.00
Cit7 � Pseudomonas 0.87 0.51 0.88
Cu1 � Bacillus 0.74 0.30 0.88
Cu21 � Pseudomonas 0.93 0.43 0.94
Cu26 � Pantoea 0.73 0.80 0.94
Cu34 � Pseudomonas 0.93 0.57 1.00

a �, �, or 0 indicates a gram-positive, gram-negative, or neutral reaction,
respectively.

b Determination of nutritional similarity was based on in vitro tomato carbon
source utilization profiles (NOIC), Biolog GN plate carbon source profiles
(NOIBiolog), or in vitro tomato nitrogen source utilization profiles (NOIN). ND,
not determined.
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tion data with the ML3N software (Fig. 1B). (Note that gram-
positive strains were not included in this analysis.) Although
some of the strains which provided large reductions in mean
population size (e.g., Xc84-2a, Xc84-2b, and Xc88-34) clus-
tered very close to the pathogen, other strains which provided
equally large reductions in mean population size (e.g., Cu26,
B56, and Cit7) clustered far from the pathogen.

In contrast to the carbon source data, in which no qualitative
correlations were apparent, some of the strains which provided
large reductions in disease severity (e.g., B41, B2, Xc89-301,
Cu34, and even BT1) clustered quite close to the pathogen
when nitrogen source utilization data were analyzed (Fig. 1C).
No such qualitative correlation was observed for population
reduction, however, since some strains which provided large
reductions in pathogen population size (e.g., B56, Xc84-2b,
Xc84-2a, and Xc88-34) clustered close to the pathogen, while
others (e.g., B36, Cu26, and Cit7) clustered much farther away.

Based on the data for in vitro utilization of the tomato
carbon sources and quantifications with the formula for NOIC,
the nutritional similarity between X. campestris pv. vesicatoria
strain AD17rif3 and the 34 nonpathogenic bacteria ranged
from a low NOI value of 0.27 to a high value of 1.0 (Table 2).
When the data for Biolog GN carbon source utilization or in
vitro utilization of the tomato nitrogen sources were used to
estimate nutritional similarity, the NOI values for the bacterial
strains ranged from 0.30 to 0.98 and from 0.06 to 1.0, respec-
tively (Table 2).

Regression analyses indicated that the percentage of reduc-
tion in the severity of bacterial spot was not significantly cor-
related with nutritional similarity, which was estimated from
carbon source utilization data obtained with the formula for
either NOIC (Fig. 2A) (P � 0.93) or NOIBiolog (Fig. 3A) (P �
0.42) or estimated from nitrogen source utilization data ob-
tained with the formula for NOIN (Fig. 4A) (P � 0.76). A
significant correlation was also not observed between the per-

centage of reduction in the severity of bacterial spot and nu-
tritional similarity when nutritional similarity was quantified by
using the relatedness in cluster analyses of tomato carbon
source, Biolog GN carbon source, or tomato nitrogen source
utilization data (Table 3). Similarly, regression analyses indi-
cated that the percentage of reduction in X. campestris pv.
vesicatoria population size was not significantly correlated with
nutritional similarity, as determined by using either NOI (Fig.
2B, 3B, and 4B) or relatedness data (Table 3). Further, the
percentage of reduction in the severity of bacterial spot was not
significantly correlated with the percentage of reduction in the
population size of X. campestris pv. vesicatoria (Fig. 5) (P �
0.5).

Multiple-correlation analysis of the disease severity reduc-
tion data and nutrient utilization profiles based on the 49
tomato carbon sources and the 25 tomato nitrogen sources
indicated that the utilization of histidine (canonical coefficient,
0.42) and serine (canonical coefficient, 0.48) as the sole carbon
sources was weakly correlated (P � 0.11) with a reduction in
disease severity. Further, the difference in the mean percent-
ages of reduction in disease severity for the nonpathogenic
bacteria that utilized both histidine and serine and those that
did not, when analyzed by using Student’s t test, was weakly
significant (P � 0.07). Multiple-correlation analysis of the pop-
ulation reduction data and the 49 carbon and 25 nitrogen
source utilization profiles indicated that the utilization of three
compounds, aspartic acid (canonical coefficient, 0.35), �-ami-
nobutyric acid (GABA) (canonical coefficient, 0.32), and me-
thionine (canonical coefficient, 0.35), as sole nitrogen sources
was correlated significantly (P � 0.052) with the percentage of
reduction in the pathogen population size.

DISCUSSION

In contrast to expectations, in this study no correlation was
observed between the reduction in severity of bacterial spot

FIG. 1. (A and C) Cluster analysis of in vitro carbon (A) and nitrogen (C) source utilization data for all 34 nonpathogenic leaf-associated
bacteria and X. campestris pv. vesicatoria strain AD17rif3 with Ward’s clustering method in JMP software (SAS Institute). (B) Cluster analysis of
Biolog GN carbon source utilization data for gram-negative nonpathogenic leaf-associated bacteria and X. campestris pv. vesicatoria strain
AD17rif3 with Biolog ML-Clust 3 N software.
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and the nutritional similarity of the nonpathogenic bacteria
with the pathogen X. campestris pv. vesicatoria, regardless of
whether nutritional similarity was estimated from in vitro sole
carbon source utilization profiles, Biolog GN carbon source
utilization profiles, or in vitro sole nitrogen source utilization
profiles or whether NOI (8, 34, 35) or relatedness data were
used for cluster analysis. A correlation was also not observed
between a reduction in the pathogen population size and the
nutritional similarity of the nonpathogenic bacteria and the
pathogen X. campestris pv. vesicatoria, regardless of how nu-
tritional similarity was estimated. These findings differ from
those with Ice� P. syringae strains and P. syringae pv. tomato,
which indicated that nutritional similarity was correlated with

the exclusion of Ice� P. syringae populations by Ice� bacterial
strains (34, 35) and with reductions in bacterial speck severity
(8). However, the findings are consistent with the studies of
Xanthomonas translucens pv. translucens (30), which demon-
strated that nutritional similarity was not predictive of the
ability of epiphytic bacteria to reduce either pathogen popu-
lation size or disease severity.

It was further determined that, despite reports of epiphytic
populations of X. campestris pv. vesicatoria preceding lesion
formation (1, 9, 18, 19, 22, 28, 31), the percentage of reduction
in leaf surface pathogen population size was not correlated
with the percentage of reduction in disease severity, suggesting

FIG. 2. Regression analysis of nutritional similarity (estimated
from in vitro carbon source utilization profiles) between nonpatho-
genic bacteria and the pathogen X. campestris pv. vesicatoria strain
AD17rif3 and percentages of reduction in the spot severity (A) and the
population size (B) of the pathogen.

FIG. 3. Regression analysis of nutritional similarity (estimated
from Biolog GN carbon source utilization profiles) between nonpatho-
genic bacteria and the pathogen X. campestris pv. vesicatoria strain
AD17rif3 and percentages of reduction in the spot severity (A) and the
population size (B) of the pathogen.
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that the epiphytic population size of X. campestris pv. vesica-
toria is not proportionally related to the subsequent severity of
the disease. This suggestion contrasts with the relationship
observed between the population size of Ice� P. syringae and
the incidence of frost injury (17), between P. syringae pv. sy-
ringae population size and brown spot incidence and severity
(11, 24), between X. translucens pv. translucens population size
and bacterial leaf streak severity (29), and between the rela-
tionship inferred to occur between P. syringae pv. tomato pop-
ulation size and bacterial speck severity (8). In the absence of
a proportional relationship between pathogen population size
and subsequent disease severity, even if nutritional similarity
were correlated with reduction in pathogen population size,
one cannot expect a correlation between nutritional similarity
and reduction in disease severity.

These observations suggest that the pathogen X. campestris
pv. vesicatoria behaves differently in the phyllosphere than

FIG. 4. Regression analysis of nutritional similarity (estimated
from in vitro nitrogen source utilization profiles) between nonpatho-
genic bacteria and the pathogen X. campestris pv. vesicatoria strain
AD17rif3 and percentages of reduction in the spot severity (A) and the
population size (B) of the pathogen.

FIG. 5. Regression analysis of the percentage of reduction in bac-
terial spot severity and the percentage of reduction in the leaf surface
population size of the pathogen X. campestris pv. vesicatoria strain
AD17rif3 following inoculation of tomato leaves with various non-
pathogenic bacteria.

TABLE 3. Regression analyses of the relationship of the percentage of reduction in disease severity or pathogen population size to
mututional similarity between nonpathogenic bacteria and the pathogen X. campestris pv. vesicatoriaa

Relatedness method

Value for:

Disease severity Population size

y r2 P y r2 P

RelatednessC 30.8 � 0.8x 0.01 0.54 68.2 � 1.2x 0.02 0.40
RelatednessBiolog 31.5 � 0.78x 0.03 0.45 64.2 � 0.29x 0.004 0.77
RelatednessN 35.3 � 0.3x 0.01 0.84 70.8 � 1.8x 0.06 0.18

a The mean percentage of reduction in the severity of bacterial spot of tomato disease or the population size of the pathogen X. campestris pv. vesicatoria was
determined from the results of three replicate experiments. The regression analyses were estimated from cluster analyses of the relatedness of carbon or nitrogen source
utilization data. Nutritional similarity was quantified by using relatedness data estimated from cluster analyses of tomato carbon source (RelatednessC), Biolog GN
carbon source (RelatednessBiolog), or tomato nitrogen source (RelatednessN) utilization data.
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Ice� P. syringae (17), P. syringae pathovars (8, 11, 24), or even
X. translucens pv. translucens (29). More specifically, there
appears to be a difference in significance of leaf surface pop-
ulation sizes. While P. syringae pathovars apparently must
achieve relatively high population sizes on leaf surfaces prior
to invasion (7, 11, 24), this does not appear to be the case for
X. campestris pv. vesicatoria on tomato. Possibly, the pathogen
is able to access the interior of the leaf at much lower leaf
surface population sizes, which suggests that the severity of an
infection by X. campestris pv. vesicatoria might be predicted
more accurately by internal population size than by leaf surface
or epiphytic population size. But what of the large epiphytic
populations of X. campestris pv. vesicatoria that have been
reported (1, 9, 18, 19, 22, 28, 31)? These populations are
probably not the cause of infection but the result of infection;
in other words, they result from the egress of bacteria onto the
leaf surface from substomatal chambers (20) which are the
sites of developing lesions. If the leaf surface populations in
this study were partly or predominantly the result of egress
from substomatal chambers, these populations would not nec-
essarily be affected by prior nutrient use in a predictable man-
ner and one would not expect a correlation between nutrient
similarity and reduction in population size.

A further possible explanation for the lack of correlation
between nutritional similarity and reduction in X. campestris
pv. vesicatoria population size may be the differential levels of
abundance or preferential use of nutritional substances in the
phyllosphere, either of which would impact estimates of nutri-
tional similarity. While these factors did not obscure the cor-
relation between nutritional similarity and efficacy observed
with P. syringae pv. tomato (8), the range of tomato carbon
sources utilized by X. campestris pv. vesicatoria (15 out of 49
compounds [this study]) is significantly smaller than that uti-
lized by P. syringae pv. tomato [(30 out of 52 compounds) (8),
rendering X. campestris pv. vesicatoria more susceptible to
large differences in the levels of abundance of carbon sources.
The significant positive correlation between the in vitro utili-
zation of aspartic acid, GABA, and methionine as nitrogen
sources and the reduction in leaf surface population size of X.
campestris pv. vesicatoria does suggest that some nutrients are
more important than others. Similarly, Stromberg et al. (30)
found some nutrients to be more important than others, with
successful antagonists of bacterial leaf streak of wheat, caused
by X. translucens pv. translucens, utilizing sucrose and inositol
more frequently than did poor antagonists. These observations
clearly indicate that when the number of phyllosphere carbon
or nitrogen sources utilized is small, estimates of nutritional
similarity should be based on NOI values weighted for both
abundance and preference.

Although preemptive exclusion of the pathogen population
by a nutritionally similar nonpathogenic bacterium does not
appear to be involved in the biological control of bacterial spot,
as it is with bacterial speck (8), some of the nonpathogenic
bacteria did provide significant reductions in the severity of
bacterial spot under both greenhouse and, subsequently, field
conditions (M. Wilson et al., unpublished data); hence, other
mechanisms, such as antibiosis, induced host resistance, and
inhibition of the expression of pathogenicity and/or virulence
in the pathogen, must be involved. For example, hrp gene
induction may be reduced by prior colonization by the non-

pathogenic bacteria if those bacteria catabolize compounds in
leaf exudates involved in hrp gene induction in X. campestris
pv. vesicatoria (25, 26). The positive correlation between the
utilization of histidine and serine and the reduction in spot
severity suggests that these amino acids may be involved in
such a phenomenon. The nonpathogenic bacteria may also
affect the expression of disease in the host without suppressing
the pathogen population size or pathogenicity or virulence per
se. Prior inoculation of a tomato leaf with an hrpG mutant of
X. campestris pv. vesicatoria significantly reduced bacterial spot
severity on that leaf when it was subsequently challenged with
pathogenic X. campestris pv. vesicatoria, yet there was appar-
ently little or no reduction in either leaf surface or internal
pathogen population size (W. Moss, U. Bonas, J. B. Jones, and
M. Wilson, Abstr. 7th Int. Congr. Plant Pathol., abstr. 1.7.2,
1998). The hrpG mutant provided an induced local tolerance,
rather than resistance, in the host, and this phenomenon may
well occur with some of the nonpathogenic bacteria in this
study.

Although biological control of bacterial spot of tomato ap-
parently cannot be achieved through preemptive competitive
exclusion of leaf surface pathogen populations, it should not be
assumed that X. campestris pv. vesicatoria is typical of all xan-
thomonads. The leaf surface population sizes of other xan-
thomonads, including Xanthomonas campestris pv. undulosa
(5) and X. translucens pv. translucens (29) on wheat and Xan-
thomonas campestris pv. phaseoli on bean (32), do appear to be
predictive of subsequent disease severity; hence, preemptive
competitive exclusion still may be an appropriate strategy in
the biological control of these pathogens.
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