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FIG. 1. Population dynamics of PpG7 in nonfumigated and
metham-sodium-fumigated soils at WS at 5 (A), 15 (B), and 30 (C)
cm below the drip line. Values are the mean population densities (+
standard errors) at each sample date in salicylate-amended and
fumigated (M), salicylate-amended and nonfumigated (®), nona-
mended and fumigated ((J), and nonamended and nonfumigated (O)
plots. Sodium salicylate was added at 1,000 pg/ml in the irrigation
water on dates indicated by triangular markers along the x axis. The
detection limit of PpG7 in soil was approximately 100 CFU/g.

respectively, within 14 days of the first application of sali-
cylate (Fig. 1). Comparison of season-long means derived
from data pooled from all sample dates and depths revealed
that amendments of salicylate resulted in significantly
greater (P < 0.01) mean population sizes of PpG7 in both
fumigated and nonfumigated soils. Season-long means were
7,059 and 243 CFU/g of soil in salicylate-amended and
nonamended fumigated plots, respectively, and 1,370 and
216 CFU/g of soil in the respective amended and nona-
mended nonfumigated plots. Multiple comparisons (P =
0.05) of season-long population means indicated that amend-
ments of salicylate significantly increased population densi-
ties of PpG7 at all sample depths except at 15 c¢cm in
nonfumigated soil (Fig. 2). However, a significant interaction
(P = 0.02) indicated that the population increase caused by
salicylate amendment was affected by sample depth. As
shown in Fig. 2, a greater increase in population density
occurred at a 5-cm depth than at a 15- or 30-cm depth in soils
amended with salicylate. Analysis of the data in Fig. 2 also
indicated a significant interaction (P < 0.01) between fumi-
gation and salicylate treatments. The mean population den-
sities of PpG7 in salicylate-amended soils increased more in
fumigated plots (6,815 CFU/g) than in nonfumigated plots
(1,154 CFU/g).

The effect of salicylate in increasing population densities
of PpG7 was also evident in rhizosphere soils. Population
densities in tomato rhizospheres in both fumigated and
nonfumigated plots amended with salicylate were increased
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FIG. 2. Season-long mean population densities of PpG7 in
metham-sodium-fumigated and nonfumigated soils amended with
salicylate at WS. Mean season-long population densities (+ stan-
dard errors) represented by bars below the same letter are not
signiﬁcang?' different at P = 0.05. Soils were infested with approx-
imately 10° CFU of PpG7 per g. Sodium salicylate was added at
1,000 pg/ml in the irrigation water. The dashed line indicates the
theoretical detection limit.

up to approximately 37-fold compared with population den-
sities in nonamended plots within 7 to 14 days of the initial
application of salicylate (Fig. 3). An analysis of season-long
means derived from data pooled from all sample dates and
root segments (Fig. 4) indicated that amendments of sali-
cylate to soil resulted in significantly greater (P < 0.01)
population densities of PpG7 throughout the season. Mean
season-long population densities of PpG7 were 2,413 and 94
CFU/cm of root in fumigated soils amended and not
amended with salicylate, respectively. In the respective
nonfumigated rhizosphere soils, the population densities
were 2,066 and 92 CFU/cm of root. The data in Fig. 4 also
show that neither fumigation nor proximity of sampled root
segments to the taproot appreciably affected results.

Effect of salicylate amendment on population densities of
PpG7 in high-inoculum seils. The initial population densities
of PpG7 after introduction to fumigated soils at 5-, 15-, and
30-cm depths were approximately 2.6 x 10°, 1.7 x 10*, and
1.25 x 10* CFU/g of soil at WS and 3.3 x 10°, 1.8 x 10°, and
1.7 x 10° CFU/g of soil at SC. Data showing the effects of
salicylate amendments on population dynamics during the
season were similar to those previously presented for low-
inoculum soils at WS for both rhizosphere and nonrhizo-
sphere soils. Mean season-long population densities of
PpG7, derived from pooling data from all soil depths at WS
and SC, were significantly greater (P < 0.01) in both non-
rhizosphere and rhizosphere soils amended with salicylate
than in nonamended soils. Mean season-long population
densities in amended and nonamended nonrhizosphere soils
were 63,567 and 16,574 CFU/g of soil, respectively. In
rhizosphere soils, mean population densities derived from all
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FIG. 3. Population dynamics of PpG7 in rhizosphere soil from
l-cm secondary root segments in metham-sodium-fumigated and
nonfumigated soils at WS. Segments were proximal (A), median (B),
and terminal (C) to the taproot. Values are mean population densi-
ties (* standard errors) at each sample date in salicylate-amended
and fumigated (M), salicylate-amended and nonfumigated (@), non-
amended and fumigated (OJ), and nonamended and nonfumigated
(O) plots. Sodium salicylate was added at 1,000 pg/ml in the
irrigation water on the dates indicated by triangular markers along
the lower x axis.

root segments were 16,477 and 5,141 CFU/cm in amended
and nonamended soils, respectively.

Although the response of PpG7 to salicylate amendment at
WS was similar in high-inoculum soil to that shown in Fig. 1
for low-inoculum soil, proportionate increases were greater
in low-inoculum soils. However, the overall increase in CFU
was much greater in high-inoculum soils. The mean differ-
ences in amended and nonamended rhizosphere soils
(pooled root segments) were 1.41 and 0.75 log;, CFU/cm of
root in low-inoculum (26-fold increase) and high-inoculum
(5.6-fold increase) soils, respectively. The respective differ-
ences in nonrhizosphere soils were 1.46 and 0.70 log,,
CFU/g in the low-inoculum (29-fold increase) and high-
inoculum (5-fold increase) plots. These proportionate in-
creases in population densities of PpG7 in low-inoculum
plots were significantly greater (P < 0.01) in both rhizo-
sphere and nonrhizosphere soils than in high-inoculum plots.

Analysis of effect of field site on population dynamics of
PpG7. An analysis of the effect of field site on population
dynamics of PpG7 was made by comparing the results of
identical high-inoculum fumigated plots at WS and SC (Fig.
5). When data from all soil depths were pooled, an analysis
indicated that population densities were significantly less (P
< 0.01) at WS than at SC in both amended and nonamended
soils. However, pooling of data masked a significant inter-
action (P < 0.01) between field site and sample depth. At the
5-cm depth, there was no difference in season-long means
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FIG. 4. Season-long mean population densities of PpG7 in
metham-sodium-fumigated and nonfumigated rhizosphere soils
amended with salicylate at WS. Mean season-long population den-
sities (* standard errors) represented by bars below the same letter
are not significantly different at P = 0.01. Soils were infested with
approximately 10° CFU of PpG7 per g. Sodium salicylate was added
at 1,000 pwg/ml in the irrigation water.
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FIG. 5. Season-long mean population densities of PpG7 in
metham-sodium-fumigated soils amended with salicylate at WS and
SC. Mean season-long population densities (+ standard errors)
represented by bars below the same letter are not significantly
different at P = 0.01. Soils were infested with approximately 10°
CFU of PpG7 per g. Sodium salicylate was added at 1,000 pg/ml in
the irrigation water.
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FIG. 6. Season-long mean population densities of PpG7 in
metham-sodium-fumigated rhizosphere soils amended with salicy-
late at WS and SC. Mean season-long population densities (=
standard errors) represented by bars below the same letter are not
significantly different at P = 0.01. Soils were infested with approx-
imately 103, CFU of PpG7 per g. Sodium salicylate was added at
1,000 pg/ml in the irrigation water.

between the population densities at WS (18% sand) and SC
(75.5% sand) for nonamended soils, whereas at the 15- and
30-cm depths, population densities at WS were significantly
lower (P = 0.01) than those at SC. Results in salicylate-
amended soils were similar, except that the population
density was significantly greater at the 5-cm depth at WS
than at SC.

Field site also had a significant effect on rhizosphere
populations. Pooling of data from all root segments indicated
that population densities of PpG7 were significantly less (P <
0.01) at WS than at SC in nonamended soils. However, there
was a significant interaction (P < 0.01) between salicylate
treatment and field site (Fig. 6). Whereas mean season-long
population densities of PpG7 in nonamended rhizosphere
soils were less at WS than at SC, populations of PpG7 at WS
and SC were statistically the same when salicylate was
added to the soil.

Effect of salicylate amendment and soil fumigation on
population densities of salicylate-utilizing fungi. Analysis of
pooled data from all soil depths and root segments revealed
that the addition of salicylate did not increase season-long
mean population densities of fungal salicylate utilizers in soil
(Fig. 7) or on roots (Fig. 8) at WS. However, mean popula-
tion densities of salicylate-utilizing fungi in soil and on roots
were significantly reduced (P < 0.01) by fumigation with
metham-sodium. Season-long mean fungal population densi-
ties from data pooled from fumigated soils were 180 and
1,000 CFU/g in rhizosphere and nonrhizosphere soils, re-
spectively. The respective values from nonfumigated soils
were 630 and 7,940 CFU/cm of root in rhizosphere and
nonrhizosphere soils.
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FIG. 7. Season-long mean population densities (+ standard er-
rors) of fungal salicylate utilizers at 5-, 15-, and 30-cm depths in
metham-sodium-fumigated and nonfumigated WS soils amended
with salicylate. Mean population densities of treatments (pooled
depths) below the same letter are not significantly different at P =
0.01. Sodium salicylate was added at 1,000 pg/ml in the irrigation
water.

DISCUSSION

Field data collected over 2 years from different locations
have shown that application of a specific carbon source
enhanced the population densities of an introduced bacterial
strain in soil and on plant roots. This extends the results of
other laboratory studies indicating that salicylate amend-
ment selectively increased the metabolic activity and popu-
lation growth of P. putida PpG7 in soil microcosms (6, 14).
Although the metabolic status of PpG7 was not directly
measured in the field, population increases in salicylate-
amended soils presumably reflected metabolic activity.
Ogunseitan et al. (14) isolated nah mRNA transcripts from
salicylate-degrading strains 30 days after inoculation. This
indicated that bacteria were still metabolically active. This is
important because enhancement of active processes, such as
colonization and production of antibiotic compounds, will
lead to more effective use of beneficial organisms such as
plant growth promoters and bioremediation agents.

Ecological niches can support only a finite amount of
biomass, and increasing the level of a specific substrate
ultimately reaches the point where there is no effect because
of other limiting factors (11). Thus, the seeding of soil or
inoculation of plant parts with high-density inocula prevents
accurate determinations of the ability of a strain to grow.
Thus, if the environmental parameters are equal, a small
initial population of a bacterium will increase relatively more
than a large initial population. Indeed, the mean population
densities of PpG7 in salicylate-amended soils at WS were
increased 29-fold in low-inoculum plots compared with 5.6-
fold in high-inoculum plots. This indicates great potential for
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FIG. 8. Season-long mean population densities (+ standard er-
rors) of fungal salicylate utilizers in rhizospheres of secondary root
segments proximal, median, and terminal to the taproot in metham-
sodium-fumigated and nonfumigated WS soils amended with sali-
cylate. Mean population densities of treatments (pooled root seg-
ments) below the same letter are not significantly different at P =
0.01. Sodium salicylate was added at 1,000 ng/ml in the irrigation
water.

increasing target bacterial populations which have been
added to soil at low numbers or which have fallen from
initially high numbers. However, even small increases in
population densities may have great biological significance
because of increased metabolic activity and production of
beneficial compounds in the soil and rhizosphere. When
environmental conditions differ, as for example at two
different field sites, the response of organisms to selective
feeding might be expected to vary. It was found that the
distribution of PpG7 in soil was affected by field site, with
reduced population densities at 15- and 30-cm depths at WS
compared with those at SC. This may have been caused by
physical barriers to bacterial movement in the clay soil at
WS. However, selective feeding with salicylate was effective
at both sites.

The application of salicylate to soil also caused substantial
increases of PpG7 in the rhizosphere. The increased popu-
lation sizes in the rhizosphere are likely the result of several
nonexclusive mechanisms. The enhanced reservoir of inoc-
ulum in amended soil should increase the probability of
contact between PpG7 and a passing root. Increased popu-
lation densities near the soil surface also would provide more
inoculum for dissemination during irrigation (3). Most im-
portant, salicylate provided an additional carbon source for
PpG?7 in the rhizosphere, where competition for nutrients is
intense.

The selection of an appropriate carbon source involves
compromises between substrates which are highly recalci-
trant (selective but support slow growth) and substrates
which are less resistant to degradation (support rapid growth
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but are less selective). Low-molecular-weight aromatic com-
pounds, such as salicylate, are moderately resistant to attack
(12, 15). Other laboratory research with various agricultural
soils indicated that native bacterial utilizers of salicylate
were below detection levels (6). However, fungal utilization
of salicylate was evident in all soils tested. The suppression
of fungal activity in laboratory microcosms with cyclohex-
imide allowed PpG7 to attain greater population density
increases in soils amended with salicylate. Fumigation of
field soil also enabled PpG7 to attain higher population
densities in response to the addition of salicylate. The effect
of fumigation was found only in plots receiving salicylate,
suggesting that increased population sizes of PpG7 were
caused by reduced competition of fungi for salicylate and not
the elimination of bacterial predators (1). Although we have
not detected salicylate-utilizing fungal plant pathogens, care
must be exercised when adding substrates to soil since there
always is the possibility that deleterious organisms may use
them.

The strategy of selectively feeding beneficial organisms in
the field has a precedent in the use of cover crops to increase
specific populations of soil microorganisms (7). Cover crops
affect microorganisms in part by the substrates released by
exudation and decomposition. The use of specific substrates
or groups of substrates is envisioned as a means of enhanc-
ing the competitive abilities of target organisms in an analo-
gous manner. The growth response of PpG7 to amendments
of salicylate in the rhizosphere and nonrhizosphere soils
indicates great promise for the use of nutrition as a means of
managing populations of organisms. However, it also is very
apparent from the results of Colbert et al. (6) that activity
and population density are not necessarily correlated. Thus,
methods need to be developed to provide a prolonged source
of nutrients to maximize activity. Although PpG7 is not an
organism of interest for affecting plant growth, its plasmid or
specific genes which confer utilization of salicylate could be
transferred to known beneficial organisms, thereby allowing
selective feeding.
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