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There is increasing evidence that communication between members of the same species, as well as members
of different species, is important for the survival of microorganisms in diverse ecological niches, such as the
rhizosphere. To investigate whether the phytopathogen Pythium ultimum could alter gene expression in the bio-
control strain Pseudomonas fluorescens F113, which protects the roots of sugar beet from the fungus, a screening
system was developed to detect differential expression of bacterial genes in the presence of P. ultimum. The
transposon Tn3, containing a promoterless lacZ reporter gene, was used to generate a library of transcriptional
gene fusions in P. fluorescens F113. By this screening procedure, five P. fluorescens F113 gene clusters were
identified and shown to be repressed in the presence of P. ultimum. The ecological fitness of three of the five
reporter mutants in the rhizosphere of seed-inoculated sugar beet was lower than that of the wild type. Fur-
thermore, all five mutants were impaired in their ability to subsequently colonize the rhizosphere of uninoculat-
ed sugar beet sown repeatedly in the same soil. With the exception of reporter mutant SF10, which was im-
paired in nitrogen metabolism, the reporter mutants had growth requirements and biocontrol abilities similar
to those of the wild type. This is the first reported case of a fungus repressing the expression of bacterial genes.

Physical and chemical characteristics of the rhizosphere en-
vironment are determined by the interaction between soil,
plants, and organisms associated with the root, including bac-
teria, fungi, protozoa, and nematodes. Root exudates provide
microorganisms with nutrients, and in return, plant growth-
promoting rhizobacteria can improve crop yields and suppress
disease. This effect may be direct, through the production of
plant hormones (1) and nitrogen fixation (13), or indirect,
through the suppression of organisms deleterious to plants
including other microorganisms (24), insects, and weeds (9).

Antagonism of biocontrol strains may be important for en-
abling fungi to maintain a competitive life cycle in the rhizo-
sphere. This is suggested by the observation that the popula-
tion size of Pseudomonas fluorescens 2-79 in the wheat
rhizosphere was significantly reduced in the presence of the
three Pythium species tested (17). The mechanism by which
this occurs is not understood and, as with other interactions
between species, may involve cellular communication medi-
ated by diffusible compounds. An investigation of cell-cell
communication between these species is therefore important
to improve our understanding of the interactions between
members of such complex microbial communities.

Recent work in our laboratory has focused on the produc-
tion of the antifungal compound 2,4-diacetylphloroglucinol by
P. fluorescens F113, which protects sugar beet seedlings from
damping off disease caused by Pythium spp. (11). To improve
our understanding of the interaction between P. ultimum and
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P. fluorescens F113, we investigated whether diffusible factors
produced by P. ultimum could alter gene expression in P. fluo-
rescens F113. A screening system was developed to detect dif-
ferential gene expression in P. fluorescens in the presence and
absence of the fungus. With this approach, five P. fluorescens
gene fusions which were transcriptionally down-regulated by
P. ultimum were identified. This paper describes the isolation
and characterization of these reporter mutants.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains and plasmids used in this study are
listed in Table 1.

Growth of organisms. P. fluorescens strains were routinely grown at 28°C on
sucrose asparagine medium (SA) (21). Growth of the reporter mutants was
determined in minimal medium (Na,HPO,, 6.8 g liter™'; KH,PO,, 3 g liter!;
NaCl, 0.5 g liter—'; MgSO, - 7H,0, 0.1 g liter'; CaCl, - 2H,0, 0.015 g liter !
[pH 7.4]) containing one of the following nitrogen sources: NH,Cl (M9 minimal
medium), NaNOj, or urea, at a final concentration of 42 mM nitrogen. Carbon
sources and amino acids were added at a final concentration of 1 g liter ! when
used as the sole source of carbon and nitrogen; amino acids were added at a
concentration of 2 mg liter ! when used as the sole source of nitrogen. Esche-
richia coli strains were grown in Luria-Bertani (LB) broth at 37°C (20). P. ulti-
mum was grown on SA agar (pH 6.3) at 28°C. Where appropriate, the following
supplements were added to the medium at the final concentrations indicated:
tetracycline, 25 pg ml~! for E. coli and 75 pg ml~" for P. fluorescens; kanamycin
(KM), 25 pg ml~! for E. coli and 50 p.g ml~! for P. fluorescens; ampicillin (AP),
50 wg ml~! for P. fluorescens; agar, 15 g liter™'; soft agar, 7.5 g liter™!; and
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal), 30 g ml~".

Generation of reporter fusion mutants. A library of random transcriptional
fusions, with lacZ as the reporter gene, was made with mini-Tn5::lacZ1 (10). The
pUT plasmid carrying the minitransposon was introduced into P. fluorescens
F113 by triparental mating, with the helper plasmid pRK600. Cultures of E. coli
HBI101 carrying the helper plasmid, donor E. coli CC118\pir (pUTmini-Tn5::
lacZ1), and recipient P. fluorescens F113 (10% cells of each) were mixed and
spotted onto an LB plate. After incubation overnight at 28°C, the bacterial lawn
was scraped off and resuspended in 1 ml of tryptone-yeast extract (TY) broth
(20) containing 15% (vol/vol) glycerol.

Following serial dilution, individual colonies were obtained on SA medium
containing KM and X-Gal for selection of P. fluorescens strains containing
transposon insertions. Plates with and without P. ultimum, which had been grown
for 2 days, were overlaid with SA soft agar containing KM and X-Gal. A total of
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TABLE 1. Bacterial strains, fungal strains, and plasmids used in this study

Strain or plasmid

Relevant characteristic(s)

Source or reference

Strains
Pseudomonad strains
F113 Wild-type Ph1™ HCN™ Flu" protease™*
F113Rif Spontaneous rifampin-resistant mutant

SF reporter mutants Phl™ HCN™" Flu™ protease™

Escherichia coli strains
CC118 (\ pir)
with \ pir phage

HB101 recA hsdB hsdM strA pro leu thi

Bacillus subtilis Al

Pythium ultimum

Plasmids
pUTmini-Tn5-km \ pir vector containing mini-Tn5-km transposon
pRK600 Mob™ Tra* Cm"

Phytopathogenic, causal agent of damping-off

22
4
This study

A(ara-leu) araD AlacX74 galE galK phoA20 thi-1 rpsE rpoB argE (Am) recAl lysogenized 14

3
11

Commonwealth Mycological
Institute

10

5,000 KM-resistant colonies were streaked onto the overlay to investigate dif-
ferential expression of lacZ in the presence of the fungus.

Preparation of P. ultimum spent medium. P. ultimum was grown on SA agar
(pH 6.3), which was overlaid, after growth of P. ultimum, with SA soft agar (pH
6.3). Following incubation for 2 to 3 days, the overlay was collected and centri-
fuged at 21,000 X g for 15 min. The supernatant was adjusted to pH 7.0 and filter
sterilized. Where appropriate, P. ultimum-spent medium was treated with pro-
teinase K (100 pg ml~!) at 37°C for 30 min or boiled for 20 min.

B-Galactosidase assay. B-Galactosidase activity was measured by using o-
nitrophenyl-p-p-galactopyranoside, as described by Miller (18). All assays were
done in triplicate.

DNA manipulations. Plasmid DNA was prepared by the alkaline lysis method
of Birnboim and Doly (2). Enzymes for restriction digestion and ligation were
used according to the manufacturers’ instructions. A Qiaex DNA purification kit
(Qiagen) was used to purify DNA fragments isolated from agarose gels. Other
DNA manipulations were carried out according to standard protocols (20).

Southern blot hybridization. Chromosomal DNA was isolated from P. fluore-
scens by the method of Chen and Kuo (8). The DNA was digested with Bg/II and
BamHI, and the resulting fragments were separated by agarose gel electrophore-
sis and then transferred onto a Hybond-N nylon membrane (Amersham), with
the Hybaid Vacu-aid according to the manufacturer’s instructions.

The 4.0-kb Smal fragment of mini-Tn5::lacZ1, containing the promoterless
trp'-"lacZ fusion and the 5’ end of the KM resistance gene, was purified from an
agarose gel by using the Qiaex DNA purification kit (Qiagen) and labeled by
random incorporation of digoxigenin-labeled deoxyuridine triphosphate (Boehr-
inger) according to the manufacturer’s instructions. Hybridization was done at
68°C, followed by washing under stringent conditions, as described by Sambrook
et al. (20). The hybridized probe was detected by using the digoxigenin nucleic
acid detection kit as described by the manufacturer (Boehringer).

Characterization of biocontrol traits in P. fluorescens strains. Siderophore
production was demonstrated by growing strains on SA agar plates and observing
the production of a yellow fluorescent pigment. Strains were assayed for pro-
duction of the antifungal metabolite 2,4-diacetylphloroglucinol by high-perfor-
mance liquid chromatography analysis (23) and with a Bacillus bioassay (11).
HCN production was measured as described by Castric and Castric (7). Protease
production was determined by incubating colonies on skim milk agar plates (10%
skim milk powder, 0.01% yeast extract, 1.5% agar) for 24 h at 28°C. Protease
activity was observed as clear zones around protease-positive colonies.

Rhizosphere colonization assay on sugar beet. P. fluorescens F113Rif, SF2,
SF3, SF5, SF9, and SF10 were assessed for colonization of the sugar beet
rhizosphere. P. fluorescens F113Rif, a spontaneous rifampin-resistant mutant of
F113, was chosen as the control strain since it was previously shown to be
identical in terms of growth rate in defined and complex media to wild-type F113.
It was also shown to colonize the sugar beet rhizosphere at high population levels
and to produce 2,4-diacetylphloroglucinol (4). Strains used for the inoculation of
sugar beet seeds (Beta vulgaris cv. Accord) were grown in SA medium and
washed in one-fourth-strength Ringer’s (Oxoid) solution. Seeds were inoculated
by being soaked in cell suspensions (107 cells ml~! in one-fourth-strength Ring-
er’s solution) for 5 min prior to being sown. To enumerate the bacteria applied
to the seed, cells were washed from seeds with one-fourth-strength Ringer’s
solution, serially diluted, and plated onto selective media.

Natural soil microcosms were set up by using soil collected from the sandy

loam surface horizon of a brown podzolic soil naturally infested by Pythium spp.
(>1,000 propagules/g of soil) and in which sugar beet was cropped for 2 years
(Bandon, County Cork, Ireland). The soil was prepared and maintained as
described by Carroll et al. (6). A total of nine sugar beet seeds were sown per pot
(7.5 cm in diameter and 8 cm deep) at a depth of 1.5 cm, with the use of sterile
forceps. Pots were placed in a growth chamber set at 12°C with 16 h of light;
soil-water content was maintained at 32% (wt/wt) by spraying with distilled water
three times a week.

The soil was sown for four successive cycles of sugar beet growth, with plants
grown for 29 days in each cycle. Inoculated seeds were used only in the first cycle
of sugar beet growth, and plants were sampled 1, 6, 13, 23, and 29 days after the
seeds were sown. Soil and pots were discarded at each sampling, except for the
soil from pots used on day 29. This soil was retained (after removal of roots) for
resowing with uninoculated seeds, as previously described (6). Each of the
following cycles was sampled only on day 29.

Colony counts were done for the germinating seed (i.e., seed and emerging
radicle) on days 1 and 6 in the first cycle and for the whole root system at all
subsequent samplings. Plants were shaken to remove loosely adhering soil. Seeds
and root systems (with their closely adhering soil) were transferred to 10 ml of
one-fourth-strength Ringer’s solution in McCartney bottles and were vortexed
for 2 min. Serial dilutions of the rhizosphere extracts were plated onto SA agar
containing rifampin (100 pg ml~'), AP, and cycloheximide to enumerate strain
F113Rif and onto SA agar containing KM, AP, and cycloheximide to enumerate
reporter mutant strains. Cycloheximide (100 ug ml~") was included in plates to
inhibit fungal growth, and AP was included to improve selectivity of the media
since derivatives of P. fluorescens F113 are naturally resistant to this antibiotic.
To confirm that the P. fluorescens strains recovered on selective media were the
same as those inoculated onto sugar beet seeds at the beginning of the coloni-
zation assay, arbitrarily primed PCR analysis was done with primer PC1 (5’
GCGCAGATCTAGCGCCTCGCCGCCGAAC 3'), as described by Moénne-
Loccoz et al. (19).

Statistics. A randomized block design was used for the soil microcosm exper-
iment. Treatments were studied in triplicate, and each replicate consisted of one
plant per treatment at each sampling time. The experiment was carried out once.
Since bacterial populations are log normally distributed in the rhizosphere (16),
colony counts were log,, transformed prior to analysis. An arbitrary log value of
zero was used for samples with population counts which were below the detec-
tion limit (15). Homogeneity of variances was expected based on typical fluctu-
ations of data at each sampling time and was assessed by using Hartley’s F,,,, and
Cochran’s C.

First, analysis of variance was carried out at each sampling time with the
general linear model procedures of the Statistical Analysis System (SAS Institute
Inc., Cary, N.C.). Where appropriate, treatments were compared by using the
Student-Newman-Keuls multiple-range test. Second, multivariate analyses of
variance (MANOVA) with Wilks’ lambda were conducted to compare each
reporter mutant with F113Rif throughout several consecutive samplings, by
using results from each sampling as a separate variable (6). MANOVA were
done with SYSTAT (Systat Inc., Evanston, IIl.). All analyses were done at a P
value of 0.05.
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FIG. 1. Southern hybridization of genomic DNA from P. fluorescens F113 reporter mutants probed with the 4.0-kb Smal fragment of mini-Tn5::lacZ1. (A) Genomic
DNA digested with BarmmHI; (B) genomic DNA digested with Bg/II. Lanes: 1, N HindIII; 2, SF2; 3, SF4; 4, SF3; 5, SF5; 6, SF6; 7, SF7; 8, SE8; 9, SF9; 10, SF10. Size

markers in kilobases are indicated on the right.

RESULTS

Identification and classification of reporter mutants. Nine
reporter mutants, designated SF2 to SF10, which exhibited
reduced levels of expression of the lacZ reporter gene in the
presence of P. ultimum were identified. Southern hybridization
analysis was used to determine how many different gene clus-
ters with differential expression in the presence of P. ultimum
had been isolated. Five classes of mutants were identified, each
of which had mini-Tn5::lacZ1 located on the same DNA frag-
ment (Fig. 1). Class 1 contained SF2 and SF4; class 2 contained
SF3; class 3 contained SF5, SF6, SF7, and SFS; class 4 con-
tained SF9; and class 5 contained SF10. One representative
from each of the mutant classes was chosen for further anal-
ysis.

B-Galactosidase activity of reporter mutants. To determine
the level of repression exerted by P. ultimum on the lacZ gene
fusions, B-galactosidase activities were examined. Following
overnight growth on sucrose asparagine medium, reporter mu-
tants were inoculated into fresh sucrose asparagine medium
containing P. ultimum-spent medium and grown to an optical
density at 600 nm of 0.3. B-Galactosidase activities of reporter
mutants grown in P. ultimum-spent medium compared to those
in medium devoid of Pythium spp. ranged from 1.6-fold lower
for mutant SF5 (8,568 versus 14,078 Miller units) to 5-fold
lower for mutant SF10 (1,100 versus 5,250 Miller units). The
chemical nature of the factor produced by P. ultimum was
examined by protease digestion or boiling of P. ultimum-spent
medium. In both cases repression of gene expression in re-
porter mutant SF2 was no longer observed, suggesting that the
fungal factor is proteinaceous in nature.

Growth properties of reporter mutants. In order to deter-
mine whether the mutants were affected in any of the central
metabolic pathways, their ability to utilize a range of carbon
and nitrogen sources was examined. With the exception of
SF10, growth of all reporter mutants on M9 minimal medium
plates containing the glycolytic substrates sucrose, fructose,
glucose, galactose, gluconate, and mannitol or the gluconeo-
genic substrates pyruvate, acetate, succinate, citrate, fumarate,
malate, and a-ketoglutarate was indistinguishable from that of
the wild type. SF10 was unable to grow on any of the individual
carbon sources tested when NH,Cl, NaNO,, or urea was used
as the nitrogen source. However, a number of biosynthetically

unrelated amino acids used as both carbon and nitrogen source
were able to support growth of SF10 (Table 2). Furthermore,
SF10 was also able to grow on the previously mentioned gly-
colytic and gluconeogenic substrates when the growth medium
was supplemented with amino acids at concentrations which
were not sufficient to support growth on their own. These
results indicate that SF10 is defective in ammonia assimilation
since it is unable to grow on nitrogen sources which are me-
tabolized to ammonia prior to assimilation, including NaNO;,
urea, and serine.

Antifungal properties of reporter mutants. It is possible that
P. ultimum is capable of repressing the expression of genes
involved in the biosynthesis of antifungal metabolites in order
to become established in the rhizosphere. However, all re-
porter mutants produced HCN, protease, fluorescent sidero-
phore, and 2,4-diacetylphloroglucinol and inhibited P. ultimum
growth on plates.

TABLE 2. Growth of P. fluorescens strains on amino acids
as a source of carbon and nitrogen

Growth Growth of P. fluorescens®

a

substrate Fl113

SF2-SF9 SF10

Alanine
Valine
Leucine
Isoleucine
Aspartate
Asparagine
Lysine
Threonine
Serine
Glutamate
Arginine
Proline
Glutamine
Phenylalanine
Histidine

I+ +++ + |

+++++ A+t
P+ L+ +

i i o S S S S S
|

¢ Cells were plated on agar medium containing the amino acids indicated as
sole source of carbon and nitrogen.
? +, good growth; *, poor growth; —, no growth.
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FIG. 2. Population counts of P. fluorescens F113Rif and reporter mutants of F113 in the rhizosphere of seed-inoculated sugar beet. Letters are used to indicate
statistical relationships where statistical differences were found. Error bars indicate standard deviations.

Colonization of the rhizosphere of sugar beet by F113Rif
and reporter mutants introduced as seed inoculants. Strain
F113Rif and the reporter mutants were evaluated for their
abilities to colonize the rhizosphere of sugar beet, an environ-
ment in which interactions between fluorescent pseudomonads
and the phytopathogen P. ultimum would normally take place.
Colony counts of F113Rif stabilized at about 5 log CFU/root
system once the seed coat was lost (Fig. 2). Population counts
of SF2 and SF9 were identical to those of F113Rif on the basis
of statistical analyses carried out at each sampling time and
MANOVA performed with data obtained on days 1 to 29
(Table 3). In contrast, colony counts of SF3, SF5, and SF10
were either similar to or lower than those of F113Rif, depend-
ing on the sampling time considered (Fig. 2). The results of
MANOVA indicated that SF5 and SF10 had population dy-
namics different from that of F113Rif (Table 3). For reporter
mutant SF3 the probability associated with the MANOVA
(i.e., 0.079) was only marginally higher than the threshold of
0.05, and a second MANOVA using data for days 13, 23, and
29 indicated that colony counts of SF3 were statistically differ-
ent from those of F113Rif throughout that part of the exper-
iment (F ratio of 15.6; P = 0.001). Arbitrarily primed PCR
analysis of the pseudomonad strains recovered from the rhi-
zosphere, on selective medium, showed that they were identi-
cal to those inoculated onto the sugar beet seeds at the begin-
ning of the colonization experiment (data not shown). In
conclusion, the ability of the reporter mutants to colonize the
rhizosphere of seed-inoculated sugar beet was similar to (SF2
and SF9) or lower than (SF3, SF5, and SF10) that of F113Rif.

Colonization of the rhizosphere of uninoculated sugar beet
by F113Rif and reporter mutants of F113 present in soil. After
plants were harvested on day 29, roots were removed from the
soil before it was resown with uninoculated sugar beet seeds.
Untreated sugar beet seeds were resown three times in the
same soil to study the effect of competition from the resident
soil microbiota on reporter mutant colonization of the sugar
beet rhizosphere.

F113Rif was capable of recolonizing the rhizosphere at lev-
els higher than 4 log CFU/root system, even after three cycles
of growth of sugar beet without reinoculation. In contrast,
population levels of reporter mutants SF2 and SF9 in the last

two and three cycles, respectively, were lower than those of
F113Rif (Fig. 3). The reduced ecological fitness of the two
mutants was also obvious from MANOVA of data from all
samplings on day 29 (Table 3). Reporter mutants SF3, SF5,
and SF10 were more severely compromised in their abilities to
recolonize the sugar beet rhizosphere. The levels of SF3 and
SF10 were below the detection limit by the end of the first
growth cycle, and SF5 was below the detection limit by the end
of the second growth cycle of uninoculated sugar beet (Fig. 3).
In conclusion, these data demonstrate that all five reporter
mutants of F113 compared with F113Rif had lower levels of
ecological competence in the sugar beet rhizosphere, indicat-
ing that the affected genes play an important role in rhizo-
sphere survival.

DISCUSSION

In order to investigate whether P. ultimum was able to affect
gene expression in P. fluorescens F113, a screening procedure
was developed to detect pseudomonad genes responsive to
signals produced by this fungus. With this screening procedure,
nine P. ultimum-responsive genes were identified and were

TABLE 3. Results of MANOVA (Wilks’ lambda) for colony counts
of P. fluorescens strains in the sugar beet rhizosphere®

First cycle of Day-29 samplings

Mutant sugar beet growth
strain
F ratio P>F F ratio P>F

SF2 1.39 0.249 18.9 <0.001*
SF3 3.32 0.079 74.3 <0.001*
SF5 4.88 0.036* 33.8 <0.001*
SF9 1.11 0.302 11.7 <0.002*
SF10 4.69 0.039* 77.0 <0.001*

“ Results for F113Rif versus the indicated mutant are given. Colony counts of
inoculated strains on days 1, 6, 13, 23 and 29 with seed-inoculated sugar beet (i.e.,
first cycle of sugar beet growth) were used as variables in the MANOVA. A
four-variable MANOVA was done with data from the last sampling (day 29) in
each cycle of sugar beet growth (one cycle of seed-inoculated sugar beet and
three cycles of uninoculated sugar beet). Asterisks indicate F ratios which were
statistically significant at P of 0.05.
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FIG. 3. Population counts of P. fluorescens F113Rif and reporter mutants of F113 in the rhizosphere at 29 days after the sowing of inoculated (cycle 1) and
uninoculated (cycles 2 to 4) sugar beet. For visual clarity, population counts below the detection limit (indicated with a dotted line) are arbitrarily shown as 0.1 log
CFU/root system. Letters are used to indicate statistical relationships where statistical differences were found. Error bars represent standard deviations.

assigned to five classes on the basis of Southern blot analysis.
The heat-labile and proteinase-sensitive nature of the response
suggests the involvement of a protein or peptide in repression
of the P. fluorescens gene(s). Current work is aimed at identi-
fying both the proteinaceous compound and the stage of the
fungal life cycle at which it is produced.

As a mechanism for survival it may be expected that P. ulti-
mum would repress the expression of P. fluorescens genes in-
volved in the production of antifungal metabolites; however,
the biocontrol traits in each of the mutants were unaltered.
This observation may simply reflect the fact that the relevant
gene fusions were not picked up in this screen, and repression
of biocontrol functions by P. ultimum cannot be ruled out until
reporter genes fused to promoters that regulate biocontrol
functions are examined.

Since the reporter mutants were unaffected in their biocon-
trol abilities in vitro, they were further characterized by deter-
mining their growth requirements. All were identical to the
wild type with the exception of SF10, which was unable to grow
on a range of carbon sources when nitrogen was supplied as
ammonia, nitrate, or urea. However, SF10 was able to grow on
these carbon sources when the medium was supplemented with
low levels of those amino acids which supported growth as the
sole source of carbon and nitrogen. This is unlikely to be due
to providing an auxotroph with the appropriate amino acid
since SF10 could grow on amino acids belonging to a number
of unrelated biosynthetic families as the sole source of carbon
and nitrogen. The observation that SF10 could grow on amino
acids which are metabolized via tricarboxylic acid cycle inter-
mediates (e.g., glutamine or glutamate) but not on the corre-
sponding carbon skeleton (i.e., a-ketoglutarate) indicates that
this mutant is impaired in nitrogen assimilation rather than
carbon metabolism. This is also indicated by the inability of
SF10 to utilize nitrogen sources which are metabolized via
ammonia. Since assimilation of nitrogen is essential for growth,
repression by P. ultimum of a gene(s) involved in this process
is an effective means of inhibiting P. fluorescens.

With the exception of SF10, reporter mutants were identical

to the wild type with respect to their growth requirements and
biocontrol traits in vitro. This raises the possibility that some of
the P. fluorescens genes repressed by P. ultimum are important
for adaptation of the pseudomonad to the particular environ-
ment in which P. fluorescens is detrimental to the fungus. Re-
sults from the microcosm experiments showed that all five
mutants were compromised in their abilities to colonize the
sugar beet rhizosphere. For three of them (SF3, SFS5, and
SF10), this reduced ecological fitness was already obvious
within the first cycle of sugar beet growth. It is of particular
interest to note that defects in genes (those repressed in SF3
and SF5) with no apparent involvement in central metabolism
or biocontrol traits of P. fluorescens F113 in vitro had the same
effect on the rhizosphere ecology of P. fluorescens as a defect in
nitrogen assimilation.

Efficient colonization of the rhizosphere is a prerequisite for
effective suppression of fungal root diseases by biocontrol
pseudomonads (5, 24). Therefore, the simultaneous repression
of genes essential for the ecological competence of P. fluore-
scens in the rhizosphere may be a more effective strategy to
overcome the biocontrol activity of this antagonistic rhizobac-
terium than to repress the expression of individual biocontrol
traits. These findings have important implications in terms of
biocontrol, and further work in our laboratory will address this
issue.

In conclusion, the results from this study demonstrate that a
pathogenic fungus can alter gene expression in P. fluorescens.
This phenomenon may be of considerable importance for fun-
gal bacterial interactions in general and has major implications
for the control of gene expression in complex microbial com-
munities. The information gained now allows a detailed char-
acterization of this interspecies signaling to be undertaken.

ACKNOWLEDGMENTS

S. Fedi and E. Tola contributed equally to this work.
This study was supported in part by grants from Forbairt (SC-96-
349) and the European Commission (BI02-CT93 0196, BI102-CT93



4266

FEDI ET AL.

0053, BI02-CT94 3001, BI04-CT96 0181, FRMX-CT96 0039, BI104-
CT96 0027, and BI04-CT96 5019).

11.

12.

REFERENCES

. Arshad, M., and W. T. Frankenberger, Jr. 1991. Microbial production of

plant hormones. Plant Soil 133:1-8.

. Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction procedure for

screening recombinant plasmid DNA. Nucleic Acids Res. 7:1513-1523.

. Boyer, H. W., and D. Roulland-Dussoix. 1969. A complementation analysis

of the restriction and modification of DNA in Escherichia coli. J. Mol. Biol.
41:459-472.

. Brazil, G. M, L. Kenefick, M. Callanan, A. Haro, V. de Lorenzo, D. N.

Dowling, and F. O’Gara. 1995. Construction of a rhizosphere pseudomonad
with potential to degrade polychlorinated biphenyls and detection of bph
gene expression in the rhizosphere. Appl. Environ. Microbiol. 61:1946-1952.

. Bull, C. T., D. M. Weller, and L. S. Thomashow. 1991. Relationship between

root colonization and suppression of Gaeumannomyces graminis var. tritici by
Pseudomonas fluorescens strain 2-79. Phytopathology 81:954-959.

. Carroll, H., Y. Moénne-Loccoz, D. N. Dowling, and F. O’Gara. 1995. Muta-

tional disruption of the biosynthesis genes coding for the antifungal metab-
olite 2,4-diacetylphloroglucinol does not influence the ecological fitness of
Pseudomonas fluorescens F113 in the rhizosphere of sugarbeets. Appl. En-
viron. Microbiol. 61:3002-3007.

. Castric, K. F., and P. A. Castric. 1983. Methods for rapid detection of

cyanogenic bacteria. Appl. Environ. Microbiol. 45:701-702.

. Chen, W., and T. Kuo. 1993. A simple and rapid method for the preparation

of Gram-negative bacterial genomic DNA. Nucleic Acids Res. 21:2260.

. Cook, R. J. 1993. Making greater use of introduced microorganisms for

biological control of plant pathogens. Annu. Rev. Phytopathol. 31:53-80.

. De Lorenzo, V., M. Herrero, U. Jakubzik, and K. N. Timmis. 1990. Mini-7n5

transposon derivatives for insertion mutagenesis, promoter probing, and
chromosomal insertion of cloned DNA in gram-negative eubacteria. J. Bac-
teriol. 172:6568-6572.

Fenton, A. M., P. M. Stephens, J. Crowley, M. O’Callaghan, and F. O’Gara.
1992. Exploitation of gene(s) involved in 2,4-diacetylphloroglucinol biosyn-
thesis to confer a new biocontrol capability to a Pseudomonas strain. Appl.
Environ. Microbiol. 58:3873-3878.

Finan, T. M., B. Kunkel, G. F. De Vos, and E. R. Singer. 1986. Second

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

ApPL. ENVIRON. MICROBIOL.

symbiotic megaplasmid in Rhizobium meliloti carrying exopolysaccharide and
thiamine synthesis genes. J. Bacteriol. 167:66-72.

Fischer, H. M. 1994. Genetic regulation of nitrogen fixation in rhizobia.
Microbiol. Rev. 58:352-386.

Herrero, M., V. de Lorenzo, and K. N. Timmis. 1990. Transposon vectors
containing non-antibiotic resistance selection markers for cloning and stable
chromosomal insertion of foreign genes in gram-negative bacteria. J. Bacte-
riol. 172:6557-6567.

Kloepper, J. W., and C. J. Beauchamp. 1992. A review of issues related to
measuring colonization of plant roots by bacteria. Can. J. Microbiol. 38:
1219-1232.

Loper, J. E., T. V. Suslow, and M. N. Schroth. 1984. Lognormal distribution
of bacterial populations in the rhizosphere. Phytopathology 74:1454-1460.
Mazzola, M., and R. J. Cook. 1991. Effects of fungal root pathogens on the
population dynamics of biocontrol strains of fluorescent pseudomonads in
the wheat rhizosphere. Appl. Environ. Microbiol. 57:2171-2178.

Miller, J. H. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Moénne-Loccoz, Y., B. McHugh, P. M. Stephens, F. I. McConnell, J. D.
Glennon, D. N. Dowling, and F. O’Gara. 1996. Rhizosphere competence of
fluorescent Pseudomonas sp. B24 genetically modified to utilize additional
ferric siderophores. FEMS Microbiol. Ecol. 19:215-225.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

Scher, F. M., and R. Baker. 1982. Effect of Pseudomonas putida and a
synthetic iron chelator on induction of soil suppressiveness to Fusarium wilt
pathogens. Phytopathology 72:1567-1573.

Shanahan, P., D. O’Sullivan, P. Simpson, J. D. Glennon, and F. O’Gara.
1992. Isolation and characterization of an antibiotic-like compound from a
fluorescent pseudomonad and investigation of physiological parameters in-
fluencing its production. Appl. Environ. Microbiol. 58:353-358.

Shanahan, P., J. D. Glennon, J. J. Crowley, D. F. Donnelly, and F. O’Gara.
1993. Liquid chromatographic assay of microbially derived phloroglucinol
antibiotics for establishing the biosynthetic route to production, and the
factors affecting their regulation. Anal. Chim. Acta 272:271-277.

Weller, D. M. 1988. Biological control of soilborne pathogens in the rhizo-
sphere with bacteria. Annu. Rev. Phytopathol. 26:379-407.



