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A Pseudomonas 2,4-diacetylphloroglucinol (DAPG)-producing population that occurred naturally on the
roots, in rhizosphere soil of Zea mays and in the nonrhizosphere soil was investigated in order to assess the
microbial diversity at five stages of plant growth. A total of 1,716 isolates were obtained, and 188 of these
isolates were able to produce DAPG. DAPG producers were isolated at each stage of plant growth, indicating
that the maize rhizosphere is colonized by natural DAPG producers throughout development. The frequency
of DAPG producers was very low in the first stage of plant growth and increased over time. An analysis of the
level of biodiversity of the DAPG producers at the species level was performed by comparing the Alul restriction
patterns of the 16S ribosomal DNAs (rDNAs) amplified by PCR from 167 isolates. This comparison allowed
us to cluster the isolates into four amplified rDNA restriction analysis (ARDRA) groups, and the main group
(ARDRA group 1) contained 89.8% of the isolates. The diversity of the 150 isolates belonging to ARDRA group
1 was analyzed by the random amplified polymorphic DNA (RAPD) technique. An analysis of RAPD patterns
by a molecular variance method revealed that there was a high level of genetic diversity in this population and
that the genetic diversity was related to plant age. Finally, we found that some of the DAPG producers, which
originated from all stages of plant growth, had the same genotype. These DAPG producers could be exploited

in future screening programs for biocontrol agents.

Some rhizobacteria, which are commonly called plant
growth-promoting rhizobacteria, interact with plant roots and
protect the roots against pathogenic microorganisms (26).
Pseudomonads are common members of the plant growth-
promoting rhizobacterial microflora in the rhizospheres of pro-
tected plants (13, 25, 42). The ability of pseudomonads to
suppress soilborne fungal pathogens depends on their ability to
produce antibiotic metabolites, such as pyoluteorin, pyrrolni-
trin, phenazine-1-carboxylic acid, and 2,4-diacetylphlorogluci-
nol (DAPG) (14, 32, 38, 47, 49, 55, 57). One of these metab-
olites, DAPG, is a major factor in the biological control of a
range of plant pathogens (7, 23, 24, 57). The antibiotic DAPG
is produced by pseudomonads of worldwide origin, and its
biosynthetic locus is conserved in pseudomonads obtained
from diverse geographic locations (25, 40). Bacteria that pro-
duce DAPG play a key role in agricultural environments, and
their potential for use in sustainable agriculture is promising.
However, introduction of these bacteria in the field often fails
because the organisms are not able to recolonize the roots or
colonize the roots but do not produce antibiotic compounds in
the new environment (11, 41).

It is well known that root exudates are sources of nutrition
for rhizosphere microorganisms (6, 43). The composition of
root exudates is affected by the stage of plant development
(18), which results in changes in the patterns and activities of
rhizobacterial populations (9, 18, 33). Thus, the stage of plant
development results in selection of a bacterial genotype. Un-
derstanding the relationship between the rhizosphere environ-
ment and the genetic diversity of local microbial populations
seems to be required for evaluating the effect of microbial
inoculation on the preexisting balance in indigenous popula-
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tions. Therefore, analysis of the genetic structure and activity
of a microbial population has practical importance, as the
results can be used to estimate the fate of released strains and
their impact on pathogenic resident microbial communities
due to the production of antibiotics.

The aim of this work was to analyze the genetic diversity of
rhizobacterial DAPG-producing populations isolated from
maize roots at different stages of development. Such an anal-
ysis could result in identification of strains which could be
successfully reinoculated into fields and protect maize.

In the present work, identification and analysis of the genetic
polymorphism of DAPG producers isolated from maize roots
were carried out by using a combination of phenotypic and
PCR-based molecular techniques which have been used pre-
viously to study bacterial populations isolated from different
natural environments (2, 5, 8-10). The strategy used included
the following steps. (i) DAPG-producing strains isolated from
maize roots were first grouped into clusters on the basis of an
analysis of the restriction patterns of 16S ribosomal DNAs
(rDNAs) amplified by PCR (amplified rDNA restriction anal-
ysis [ARDRAY]). This technique has been used previously to
distinguish species in different genera (17, 22, 27, 28, 31, 51—
53). DNA digestion was performed by using the tetrameric
restriction enzyme Alul, which very often generates species-
specific restriction patterns, as shown previously (2, 5, 8-10,
16). (ii) Biolog fingerprinting and nucleotide sequencing of the
16S rDNAs of some representatives of the main ARDRA
groups were carried out in order to identify the organisms. The
biodiversity of strains belonging to the main ARDRA groups
was examined by using the random amplified polymorphic
DNA (RAPD) technique (58, 60), and the data obtained were
analyzed by the analysis of molecular variance (AMOVA)
technique (12).
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MATERIALS AND METHODS

Bacterial strains. The four reference strains used are Pseudomonas fluorescens
2-79 (49, 56) and Q2-87 (39), Pseudomonas putida M.3.1 (Digat, INRA, Angers,
France), and Pseudomonas aureofaciens PGS12 (14).

Isolation of bacteria from roots of maize and from soil. Maize plants (Zea
mays cv. DEA; Pioneer France Mais) were cultivated in pots (height, 30 cm;
width, 20 cm) containing 5,000 g of soil in a growth chamber by using a 16-h
photoperiod, a nighttime temperature of 19°C, a daytime temperature of 22°C,
and a relative humidity of 65%. The soil used had not been used previously to
grow maize. The soil composition was as follows: sand, 35%; clay, 27%; silt, 38%;
organic C, 1.5% (wt/wt); pH 6.8.

Plants were collected after 27 (end of germination), 55 (tassel appearance), 72
(end of flowering), 92, and 106 (physiological maturation) days of growth. At
each sampling time, three plants were harvested, the roots were excised, and
nonadhering soil was removed. Rhizosphere soil was separated from the roots by
vigorously shaking the roots in 100 ml of sterile water for 5 min by using a Vortex
mixer. Washed roots and rhizosphere soil were separately blended with a Waring
blender in sterile water. Serial dilutions of both suspensions were plated onto S1
medium, which is known to be selective for the recovery of fluorescent pseudo-
monads (15). The plates were incubated at 27°C, and numbers of CFU were
determined after 48 h. Bacteria were also isolated from three samples of non-
rhizosphere soil by using the protocol used for the rhizosphere soil. At each
sampling time 52 randomly selected isolates were picked and transferred to new
S1 medium plates. A total of 1,716 bacterial colonies were collected in this way
(52 X 5 stages of plant growth X 3 repetitions = 780 isolates for roots and 780
isolates for rhizosphere soil; 52 X 3 repetitions = 156 isolates for nonrhizosphere
soil). Isolates that harbored the phlD gene were selected by colony hybridization
and high-performance liquid chromatography (HPLC) analysis.

Colony hybridization. Bacterial colonies were transferred to nylon membranes
(Boehringer Mannheim) by standard methods (45). The membranes were baked
for 1 h at 80°C and then were treated with a 2-mg/ml proteinase K solution (0.5
ml for a membrane that was 82 mm in diameter) for 1 h at 37°C. To remove
bacterial cell debris from colony blots, the membranes were blotted between
pieces of filter paper wetted with distilled water, and pressure was applied by
passing a ruler over the area. The hybridization buffer used contained 50%
formamide, 5X SSC (1X SSCis 0.15 M NaCl plus 0.015 M sodium citrate), 0.1%
sodium lauroylsarcosine, 0.02% sodium dodecyl sulfate (SDS), and 2% blocking
reagent (Boehringer Mannheim). Prehybridization was performed for 1 h at
42°C, and hybridization was performed overnight at 42°C. The membranes were
washed twice for 5 min at room temperature in 2X SSC-0.1% SDS and twice for
15 min at 68°C in 0.5X SSC-0.1% SDS.

The probe used was a 745-bp DNA fragment obtained by amplifying the DNA
from DAPG-producing strain P. fluorescens Q2-87 (55) with primers Phl2a and
PhI2b (40), which were designed on the basis of the sequence of the phlD gene,
one of the six clustered genes involved in DAPG biosynthesis (1). Amplification
reactions were carried out by using the protocol described below. The nucleotide
sequence of the PCR product was verified (Genome Express) before we labeled
the probe, which was done by using the nonradioactive digoxigenin system in
accordance with the protocol recommended by the manufacturer (Boehringer
Mannheim). The hybridized probe was immunodetected with anti-digoxigenin-
alkaline phosphatase-Fab fragments and was visualized with the colorimetric
substrate nitroblue tetrazolium salt and 5-bromo-4-chloro-3-indolylphosphate, as
described in the protocols provided by the supplier. The specificity of the probe
was verified previously by Raaijmakers et al. (40) and in this study by hybridizing
the probe to the genomic DNAs of five DAPG-producing Pseudomonas refer-
ence strains and to the DNAs of three DAPG-negative strains. Isolates harboring
the phID gene were preserved at —80°C in 40% glycerol.

Detection of antibiotic production by HPLC. Production of DAPG, mono-
acetylphloroglucinol (MAPG) (the precursor of DAPG), and pyoluteorin was
verified by using analytical HPLC methods described by Keel et al. (24). First,
bacteria were inoculated into 50 ml of liquid S1 medium and incubated for 24 h
at 27°C. The bacterial cultures were centrifuged at 7,000 X g for 20 min at 4°C,
and the supernatants were extracted with an equal volume of ethyl acetate for 2 h
by using a rotary shaker. The ethyl acetate extracts were dried in a vacuum at
35°C and were dissolved in 1.5 ml of 65% methanol. Aliquots were filtered (pore
size, 0.2 wm; (Sartorius) and analyzed with a Beckman liquid chromatograph. A
C,g reverse-phase column (catalog no. LiChroCART 250-4; Merck) was ther-
mostatically controlled at 45°C. The samples were eluted with a three-step
gradient consisting of methanol in 0.43% o-phosphoric acid; from zero time to 5
min the solution contained 18 to 23% methanol, from 5 to 6 min the solution
contained 23 to 53% methanol, and from 6 to 26.8 min the solution contained 53
to 61% methanol. The column was then washed for 10 min with pure methanol,
and before each analysis it was conditioned 5 min with the first elution gradient.
The flow rate was 1 ml/min. DAPG and MAPG were detected at a wavelength
of 270 nm; their retention times were 22 and 12 min, respectively. Pyoluteorin
was detected at a wavelength of 313 nm; its retention time was 14 min.

Sample preparation prior to PCR amplification. Bacterial isolates were grown
overnight at 27°C on YPGA, which contained (per liter) 5 g of yeast extract, 5 g
of peptone, 10 g of glucose, and 15 g of agar. A single colony of each strain was
picked with a sterile toothpick, resuspended in 20 pl of sterile distilled water, and
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heated at 95°C for 10 min to lyse the cells; the lysate was then cooled in ice,
briefly centrifuged with a microcentrifuge, and used for PCR amplification.

ARDRA. The DNA coding for the 16S rRNA of each isolate was amplified
with primers PO (5'-GAGAGTTTGATCCTGGCTCAG) and P6 (5'-CTACGG
CTACCTTGTTACGA). These primers were designed (16) on the basis of the
conserved bacterial sequences at the 5’ and 3’ ends of the 16S rRNA gene
(positions 27f and 1495t, respectively, on Escherichia coli TDNA), which allowed
amplification of almost the entire gene (16). Amplification was performed as
previously described (9); each mixture contained 2 pl of lysed cell suspension in
20 pl of Polymed Tagq buffer containing 1.5 mM MgCl,, 150 ng of each primer,
each deoxynucleoside triphosphate at a concentration of 250 pM, and 0.5 U of
Taq DNA polymerase (Polymed). The reaction mixtures were incubated in a
thermocycler (model 9600; Perkin-Elmer) at 95°C for 1.5 min and then subjected
to 35 cycles consisting of 95°C for 30 s, the annealing temperature for 30 s, and
72°C for 4 min. The annealing temperature was 60°C for the first 5 cycles, 55°C
for the next 5 cycles, and 50°C for the last 25 cycles. Finally, the mixtures were
incubated at 72°C for 10 min and then at 60°C for 10 min. Two microliters of each
amplification mixture was analyzed by agarose (1.2%, wt/vol) gel electrophoresis
in Tris-acetate-EDTA (TAE) buffer containing 0.5 pg of ethidium bromide per
ml.

A 5-pl aliquot of each PCR mixture containing approximately 1.5 pg of
amplified 16S rDNA was digested with 3 U of restriction enzyme Alul (Boehr-
inger Mannheim) in a total volume of 20 pl at 37°C for 3 h. The enzyme was
inactivated by heating the preparations at 65°C for 15 min, and the reaction
products were analyzed by agarose (2.5%, wt/vol) gel electrophoresis in TAE
buffer containing 0.5 pg of ethidium bromide per ml.

Sequencing 16S rDNA. Amplified 16S rDNA was purified from each reaction
mixture by agarose (1.2%, wt/vol) gel electrophoresis in TAE buffer containing
0.5 pg of ethidium bromide per ml. A small agarose slice containing the band of
interest (observed under long-wavelength [312-nm] UV light) was excised from
the gel and purified by using a QIAquick gel extraction kit (Qiagen) according to
the supplier’s instructions. The 16S rDNA nucleotide sequence was determined
by cycle sequencing by using the dye terminator method and an automatic device
for sequencing. Almost complete 16S rDNA sequences were determined for
isolates 3-1 (1,454 bp), 3-45 (1,456 bp), and 16-31 (1,456 bp); partial (717-bp)
sequences were determined for isolates 11-19, 22-27, 23-27, and 37-27.

Analysis of sequence data. The 16S rDNA nucleotide sequences obtained were
aligned with the most similar sequences in the Ribosomal Database Project
database (30) by using Ribosomal Database Project utilities. The alignment was
checked manually, corrected, and then analyzed by using the neighbor-joining
method according to the models of Jukes and Cantor with TREECON 2.2 (50).
The robustness of the inferred trees was evaluated by 100 bootstrap resamplings.

RAPD-PCR analysis. Amplification reactions were performed by using 25 .l
of platinum buffer containing 3 mM MgCl,, 2 pl of a lysed cell suspension, 500
ng of primer AP12 (5'-CGGCCCCTGC-3") (which has been shown previously to
give reproducible and informative results [9, 10, 34]), each deoxynucleoside
triphosphate at a concentration of 200 uM, and 0.625 U of platinum Taq poly-
merase (Gibco BRL). The reaction mixtures were incubated in a thermocycler
(model 9600; Perkin-Elmer) at 94°C for 2 min. They were then subjected to 45
cycles consisting of 95°C for 30 s, 36°C for 1 min, and 72°C for 2 min. The final
extension step consisted of 75°C for 10 min and then 60°C for 10 min.

A 5-pl sample of each reaction mixture was electrophoresed on a 2% (wt/vol)
agarose gel in TAE buffer containing 0.5 pg of ethidium bromide per ml. The
amplification patterns were analyzed with a scanner-densitometer (model
GDS2000; Ultra-Violet Product Ltd.).

The reproducibility of the unique RAPD-PCR patterns produced by single
isolates was tested by performing three independent experiments, and no differ-
ences in the RAPD patterns were found under the standard conditions used
(data not shown); the same results were obtained for several randomly chosen
strains that produced the same pattern.

AMOVA of amplification products. The AMOVA procedure was used to
estimate the variance components for RAPD patterns by partitioning the vari-
ations among samplings times and/or locations. The AMOVA technique is a
method for analyzing molecular variance that produces estimates of variance
components which reflect the correlation of haplotypic diversity at different
levels of a hierarchical subdivision. The significance of the variance components
is tested by a permutational approach (12). The vectors for the presence of
RAPD markers (1 for the presence of each band on a gel; 0 for the absence of
each band on a gel) for each strain were used to compute the genetic distance for
each pair of strains. The parameter used was the Euclidean metric measurement
(E) of Excoffier et al. (12), as defined by Huff et al. (20) as follows: E = szy =
n(l — 2n,/2n), where 2n, is the number of markers shared by two strains and
n is the total number of polymorphic sites.

All analyses were performed with the Arlequin program (45a), which is used
in several scientific fields (microbiology, medicine, population genetics) and is
available at the following URL: http://anthropologie.unige.ch/arlequin/.

Identification and characterization of the isolates. Some isolates were ana-
lyzed by performing the tests described below.

(i) PCR analysis with specific phlD primers. Amplification was performed with
1 pl of each heat-lysed bacterial suspension in 50 pl of Pro-HA DNA polymerase
buffer (Eurogentec, Seraing, Belgium) containing 1.5 mM MgCl,, 0.2 .M primer
Phl2a, 0.2 pM primer PhI2b, each deoxynucleoside triphosphate at a concentra-
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TABLE 1. Hybridizing isolates and ARDRA analysis

APPL. ENVIRON. MICROBIOL.

No. of bacteria (log

Presence of PhID*

No. of strains in:

CFU/g [dry wt])* isolates
él) — N o <+
‘g =5 o o o
Location Day 3 5 § § 5
= % Fraction” % ::D ::0 ::D ::D
=R Ok [ & & [~
58 ~ 8 a a a A
=3 <3 7 & &, &
O 2 Ay < < < <
Rhizosphere soil 27 5.8 4.0 3/156 1.9 2
55 54 4.8 40/156 25.6 28 4 1
72 7.2 6.4 27/156 17.3 22
92 6.2 5.5 33/156 21.1 27 3
106 6 4.8 10/156 6.4 7 1
Total 6.12 5.10 113/780 14.5 86 8 0 1
Washed roots 27 5.4 3.6 3/156 1.9 2
55 6.4 4.8 4/156 2.5 3 1
72 5.8 49 22/156 14.1 19 1 1
92 4.9 42 35/156 22.4 31 3 1
106 53 4.1 11/156 7.0 9 1
Total 5.56 432 75/780 9.6 64 4 3 1
Total 5.84 4.71 188/1,560 12 150 12 3 2

“ The values are means based on three samples. Samples were plated on S1 medium.
> Number of bacteria that hybridized to the phID probe/total number of bacteria tested for hybridization.

tion of 200 wM, and 0.5 U of Pro-HA DNA polymerase. The reaction mixtures
were incubated in a thermocycler (model Gene Cycler; Bio-Rad) at 95°C for 10
min and then subjected to 35 cycles consisting of: 92°C for 1 min, 62°C for 1 min,
and 72°C for 1 min. Finally, the mixtures were incubated at 72°C for 2 min.
PCR-amplified DNAs were detected by using a horizontal 1.5% (wt/vol) agarose
gel electrophoresed in TAE buffer at 10 V - cm ™! for 1 h. The gel was stained
with ethidium bromide for 30 min, and the PCR products were visualized with a
UV transilluminator.

(ii) Phenotypic characterization. Isolates were characterized by using the
Biolog system (Biolog, Hayward, Calif.), which is based on the differential uti-
lization of a large number of organic compounds (3). Biolog GN microplates
were inoculated as recommended by the manufacturer and were incubated at
27°C for 24 h. Formazan accumulation in bacterial cells was measured by deter-
mining the optical density at 550 nm with an automatic microplate reader. The
isolates were identified on the basis of their patterns of utilization of 95 sub-
strates by using the Biolog Microlog software.

Nucleotide sequence accession numbers. The 16S rDNA nucleotide sequences
obtained were deposited in the GenBank database under the following accession
numbers: strain 3-1, AF126101; strain 3-45, AF126102; strain 16-31, AF126103;
strain 11-19, AF177474; strain 22-27, AF177467; strain 23-27, AF177468; and
strain 37-27, AF177469.

RESULTS

Isolation of DAPG-producing bacterial strains. Bacteria iso-
lated on S1 medium were enumerated 48 h after plating for
each of the five sampling times and locations examined during
plant development. Bacteria were isolated from nonrhizos-
phere soil, from rhizosphere soil, and from washed roots (Ta-
ble 1) at densities ranging from 4.9 to 7.2 log CFU/g (dry
weight). A total of 1,716 colonies (156 colonies from nonrhi-
zosphere soil, 780 colonies from rhizosphere soil, and 780
colonies from washed roots) were randomly picked and tested
for hybridization to the phlD probe. The DNAs of 188 isolates
(75 isolates from rhizosphere soil and 113 isolates from roots)
gave hybridization signals with the phlD gene; below these
isolates are referred to as PhID™ isolates. In contrast, no
PhID™* isolate was obtained from nonrhizosphere soil, indicat-
ing that the natural level of DAPG producers was less than
2.6 X 107 cells per g (dry weight) of soil. Depending on the age
of the plant, the percentages of PhID™ isolates ranged from 1.9
to 25.6% (Table 1). The percentage of root PhID™ isolates was

very low at the first sampling time (27 days), but it dramatically
increased and remained constant for the next three sampling
times (55, 72, and 92 days) and then decreased at the last
sampling time (106 days). Very similar results were obtained
with the rhizosphere soil isolates, but the increase in the per-
centage of isolates harboring phlD began at 72 days instead of
55 days (Table 1).

HPLC analysis showed that all of the hybridizing isolates
were able to produce DAPG. The amount of DAPG produced
was at least 1 pg/ml of culture, which is enough to inhibit
pathogenic fungi in vitro (54). In addition, all of these isolates
produced MAPG but no pyoluteorin (data not shown). PCR
amplification of DNAs from 10 randomly chosen isolates be-
longing to ARDRA group 1 and from all of the isolates be-
longing to the other ARDRA groups (see below) (Fig. 1) by
using primers specifically designed by using the phlD gene gave
an amplification fragment of the expected size (745 bp) (data
not shown).

Identification of the PhID™ isolates. The 16S rDNAs of the
four reference strains and of 167 of 188 hybridizing isolates (72
and 95 isolates from rhizosphere soil and roots, respectively)
were amplified (data not shown). The remaining 21 isolates
were not investigated further since they did not survive the
cryoconservation in glycerol. Restriction analysis of the ampli-
fied 16S rDNA of each sample with Alul revealed six ARDRA
patterns (Fig. 1). The isolates produced four different patterns
(Table 1). Most of the isolates (150 of 167 isolates [89.8%])
produced pattern 1, which was identical to the pattern ob-
tained with the 16S rDNA of P. fluorescens reference strain
Q2-87. Patterns 2, 3, and 4 were produced by 12 (7.2%), 3, and
2 isolates, respectively, and were different from the patterns
obtained with the 16S rDNAs of the four reference strains
used. Patterns 5 and 6 were produced by only reference strains;
pattern 5 was produced by P. aureofaciens PGS12 and P. putida
M3.1, and pattern 6 was produced by P. fluorescens 2-79.

The nucleotide sequences of 16S rDNAs from three isolates,
ARDRA group 1 strain 3-1 and ARDRA group 2 strains 3-45



VoL. 66, 2000

23 4 abcdm

m 1

FIG. 1. Agarose gel electrophoresis of amplified 16S rDNAs digested with
endonuclease Alul from 167 PhID* bacteria isolated from maize roots and
rhizosphere soil (lanes 1 through 4, corresponding to patterns 1 through 4,
respectively) and from reference strains (lane a, pattern 1 strain Q2-87; lane b,
pattern 6 strain 2-79; lane c, pattern 5 strain PGS12; lane d, pattern 5 strain
M.3.1). Lanes m contained a 100-bp molecular size marker ladder. The slow faint
bands present in some ARDRA patterns might be attributable to sequence
heterogeneities between the different 16S rRNA gene copies present in the
genome of the same strain.

and 16-31, were determined and used to construct the phylo-
genetic trees shown in Fig. 2.

Isolate 3-1 was placed in the Pseudomonas cluster, and its
16S rDNA exhibited the highest level of sequence similarity
(99.4%) with the 16S rDNA of Pseudomonas corrugata ATCC
29736. The partial nucleotide sequences of the 16S rDNAs of
four other ARDRA group 1 isolates (isolates 11-19, 22-27,
23-27, and 37-27) were also determined. The four sequences
obtained (positions 185 to 900) were identical to the corre-
sponding region of the 16S rDNA sequence of isolate 3-1. The
data obtained suggested that ARDRA group 1 was a rather
homogeneous cluster of isolates affiliated with fluorescent
Pseudomonas spp. This finding was confirmed by the results of
Biolog tests, which were performed with 20 isolates belonging
to ARDRA group 1 and showed that 18 of them should be
assigned to P. fluorescens with similarity levels of at least 65%
and 2 of them (including isolate 3-1) should be assigned to P.
corrugata (69% similarity for isolate 3-1 and 80% similarity for
the other strain).

Isolates 3-45 and 16-31, which belonged to ARDRA group 2,
were placed in the family Enterobacteriaceae, very close to
Pantoea agglomerans (accession no. AB004691). Biolog tests
performed with all of the ARDRA group 2 isolates showed
that most of them should be assigned to P. corrugata (60 to
80% similarity with P. corrugata); the only exception was iso-
late 3-45, which was assigned to Enterobacter cloacae with a
level of similarity of 80%. In contrast, isolate 16-31 was as-
signed to P. corrugata (69% similarity).

RAPD analysis. The DNAs of lysed cell suspensions of the
DAPG-producing isolates were amplified by the RAPD tech-
nique with the 10-mer oligonucleotide AP12.

Isolates belonging to ARDRA groups 2 through 4 were not
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Pseudomonas svnxantha 1AM 12336

Pseudomonas mucidolens TAM 12406
Pseudomonas sp.

Pseudomonas fluorescens |AM 12022
Pseudomonas marginalis LMG 2210T
Pseudomonas aureofaciens DSM 6698T

Pseudomonas corrugata ATCC 29736
100 3

9 Pseudomonas svringae LMG 12470T

100 Pseudomonas caricapapavae ATCC 33615
Pseudomonas chlororaphis LMG 5004T
100! Pseudomonas coronafaciens LMG 13190T

0.02 substitution/site

Enterobacter aerogenes JCM1235
Klebsiella oxytoca JCM1665
Enterobacter cancerogenus LMG 2693
Enterobacter ashurige JCM6051

Pantoea agglomerans JCM1236
345

16-31
FEnterobacter dissolvens LMG 2683

100]
100( Klebsiella pneumoniae JICM1662
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S — |

FIG. 2. Phylogenetic trees showing the relationships among the 16S rDNA
sequences of three PhID™ isolates and reference 16S rDNA sequences of or-
ganisms belonging to the gamma subclass of the class Proteobacteria. (A) Rela-
tionships of isolate 3-1 and fluorescent Pseudomonas spp. The outgroup se-
quence used was the sequence of A. calcoaceticus ATCC 33604, (accession no.
M34139). (B) Relationships of isolates 3-45 and 16-31 and members of the family
Enterobacteriaceae. The outgroup sequence used was the sequence of P. putida
JCM 6156 (accession no. D37924). The sequence positions used for alignment
were positions 48 to 1468 (A) and 37 to 1370 (B) (Escherichia coli numbering).

distinguished by the RAPD method. RAPD amplification of
DNAs from the 150 ARDRA group 1 isolates resulted in 31
bands, whose sizes ranged from 200 to 2,200 bp. The RAPD
patterns obtained for these isolates were defined by the pres-
ence or absence of 31 RAPD markers. Each RAPD pattern
was compared with the other patterns, and a Euclidean dis-
tance matrix (E) was calculated (data not shown). An impor-
tant level of genetic diversity was found in ARDRA group 1,
whose members had 64 genotypes. In particular, we obtained
33 different genotypes from rhizosphere soil and 44 genotypes
from roots; the two habitats shared 13 genotypes. To analyze
the RAPD variation in the 150 ARDRA group 1 isolates, we
performed an AMOVA with the Euclidean distance matrix.
First, rhizosphere soil and roots were considered two different
groups. The AMOVA data revealed that 5.93% of genetic
variability was associated with differences among samples (P =
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TABLE 2. AMOVA 150 Pseudomonas isolates determined with 31 RAPD markers at four sampling times

Locati Variance Total % of variance among % of variance within
cation B - S S )
component variance sampling times sampling times

Roots ITvsIIvs I vs IV 2.03826 2.79 97.21 0.03213
I vs II vs IIT 2.02884 3.76 96.24 0.00869
ITvsIIvs IV 2.06942 3.88 96.12 0.04768
Tvs I vs IV 1.98945¢ 2.55 97.45 0.09005
II vs I vs IV 2.06091 0.02 99.98 0.42176
TvsII 2.07221 6.13 93.87 0.00987
ITvsIII 1.97668 4.23 95.77 0.02018
ITvs IV 1.92857 0.62 99.38 0.35352
1T vs 111 2.04228 0.82 99.18 0.27740
I vs IV 2.13518 —0.76 100.76 0.45707
I vs IV 1.99780 -1.85 101.85 0.58218

Rhizosphere soil Ivs IT vs Il vs IV 1.94041 11.13 88.87 0.00044
T vs II vs IIT 1.78320 11.25 88.75 0.00081
ITvsIIvs IV 2.39099 2.55 97.45 0.21941
Tvs I vs IV 1.81214 19.53 80.47 0.00362
II vs IIT vs IV 1.94979 10.84 89.16 0.00019
TvsII 2.24820 1.36 98.64 0.31746
ITvs III 1.59599 26.69 73.31 0.01619
Tvs IV 2.39383 1.60 98.40 0.32915
IT vs IIT 1.77407 10.21 89.79 0.00069
I vs IV 2.48141 3.01 96.99 0.17042
I vs IV 1.82303 19.65 80.35 0.00175

“ 1, samples obtained on day 55; 1I, samples obtained on day 72; III, samples obtained on day 92; IV, samples obtained on day 106.

b P, probability of a more extreme variance distribution.
¢ Values in boldface type are not significant.

0.00006). The level of genetic diversity found within sampling
locations was high (93.14%) and very significant (P = 0.00001).

Second, RAPD variation within roots or rhizosphere soil
was analyzed separately (Table 2). Sampling times that yielded
only two or three isolates (e.g., 27 days) were not included in
this analysis. When the root isolates were examined, the
AMOVA data showed that most genetic variability (97.21%)
at a significant P value (P = 0.03) occurred within sampling
times; only 2.9% of the genetic variability was associated with
differences among sampling times. To investigate whether this
genetic diversity was related to divergence among strains
and/or sampling times, we analyzed all of the possible combi-
nations of two, three, and four sampling times. The data ob-
tained (Table 2) clearly showed that in all of the combinations
most of the total molecular variance between sampling times
was attributable to divergence among strains.

Similar analyses carried out with the rhizosphere soil isolates
(Table 2) showed that most of the genetic variability occurred
within sampling times, but an important fraction was associ-
ated with differences among sampling times (up to 26.69% for
sampling times I and III).

The relationships among the 150 isolates examined were
represented as a dendrogram (Fig. 3) by using £ and the
neighbor-joining method (44). As previously reported for soil
bacterial populations with frequent recombinations (9, 59), the
unrooted dendrogram looks more like a bush than a tree.
Moreover, the lower part of the dendrogram appears to be
more variable than the upper part. The upper part of the
dendrogram includes (i) most isolates collected from rhizo-
sphere soil at sampling time III (92 days) and (ii) at least five
main genotypes, which were expressed by 7, 11, 16, 7, and 18
isolates (Fig. 3), representing about 40% of the total popula-
tion analyzed. In addition, these genotypes were found in both
root and rhizosphere soil and very often at different sampling
times; moreover, they appeared to be closely related.

We also determined the E within each sampling time for

root and rhizosphere soil populations. The results shown in
Fig. 4 raise at least one salient point. The genetic diversity of
rhizosphere soil isolates decreased significantly at sampling
time III (92 days) and increased at sampling time IV (106
days); similar, although much more pronounced, behavior was
observed for root isolates.

DISCUSSION

Production of DAPG has been shown to play a major role in
suppression of soilborne plant pathogens (7, 23, 25, 57). Fur-
thermore, the DAPG biosynthetic locus is conserved in DAPG
producers of worldwide origin (25, 40). An analysis of metab-
olite patterns and molecular typing showed that there is con-
siderable diversity among DAPG-producing pseudomonads
depending on the plant species and soil origin (25). However,
to our knowledge, the frequency and diversity of rhizosphere
DAPG producers during one growing season have not been
described previously. In the present study we showed that
DAPG producers were present in the maize rhizosphere dur-
ing all the plant development and that the DAPG producer
population was genetically very diverse.

Fluctuations in the number of DAPG producers and the low
frequency of these organisms (<0.65%) in nonrhizosphere soil
could be explained by assuming that there was a spatial and
temporal selection gradient for the DAPG producers resulting
from the root exudates, which started earlier in roots than in
rhizosphere soil and was absent in nonrhizosphere soil. Even if
root exudates of young immature plants allowed DAPG pro-
ducers to grow, they did not appear to exert specific selection
for this type of bacteria. An alternative explanation for this
finding is that biological activity of the natural DAPG produc-
ers is not induced by the exudates of young plant roots but is
induced by exudates of older plants, which results in selective
pressure against other rhizosphere microorganisms. Indeed, it
is well known that carbon medium composition significantly
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FIG. 3. Dendrogram showing genetic relationships among 150 isolates be-
longing to ARDRA group 1, based on RAPD patterns produced with primer
AP12. Genetic distances were calculated by using E (12). Solid symbols, isolates
from rhizosphere soil; open symbols, isolates from roots; circles, single isolates,
triangles, genotypes isolated from roots and/or rhizosphere soil at the same/or
different sampling times (sampling times I through IV). Each triangle’s base is
proportional to the number of isolates. The arabic numerals indicate the num-
bers of isolates that have the same genotype.

affects antibiotic production (21, 37, 47), and thus variations in
the carbon composition of root exudates should also affect
DAPG production.

Therefore, the presence of DAPG-producing bacteria in the
rhizosphere of maize was significantly affected by plant devel-
opment.

The level of diversity of DAPG producers as determined by

DAPG-PRODUCING PSEUDOMONAS POPULATION 953

N

(3

[=}
>

20,0 e

ARDRA group 1 percentage
o
o

sampling

55

50 B

45

4,0

35

3,0

25 _

2,0 4 T T T .
| Il 1l v

sampling

FIG. 4. (A) Percentages of isolates belonging to ARDRA group 1 collected
from roots and rhizosphere soil at different sampling times (sampling times I, 11,
III, and 1V, corresponding to 55, 72, 92, and 106 days, respectively). (B) Mean E
values determined for isolates within each sampling time. Mean E values were
not calculated for the sampling time at which only two or three isolates were
obtained (i.e., 27 days). Solid lines, roots; dashed lines, soil.

ARDRA resulted in recognition of four ARDRA patterns. On
the basis of Biolog and 16S rDNA sequence analyses some
strains belonging to ARDRA group 1 (89.8% of the isolates)
were assigned to P. fluorescens, whereas other strains were
assigned to P. corrugata. This is consistent with the taxonomic
heterogeneity of P. fluorescens and with the previous finding of
Laguerre et al. (28), who included in the same Alul ARDRA
pattern some P. fluorescens strains, as well as strains belonging
to Pseudomonas chlororaphis, Pseudomonas syringae, and P.
putida biovar C. No P. corrugata strain was included in the
analysis of Laguerre et al., but the 16S rDNA sequence of P.
corrugata ATTC 29736 (accession no. D84012) exhibited a high
degree of sequence identity with strain 3-1 (99.4%) and pro-
duced the same Alul ARDRA pattern as strain 3-1.

The same analyses revealed heterogeneity among strains
that produced pattern 2 (7.2% of the isolates), which were
assigned to P. corrugata or to the family Enterobacteriaceae
close to P. agglomerans and/or E. cloacae. Strains belonging to
the latter species are widely distributed in nature and are often
associated with a variety of plant and animal species (4). Some
of them, which are isolated from seeds, hypocotyl tissue, or the
rhizosphere, are effective agents for biological control of plant-
pathogenic fungi (19, 35); in fact, they are able to suppress
fungus growth by producing of a siderophore or by competing
for root exudates (19, 29, 36). The identification of strains
belonging to the family Enterobacteriaceae that are able to
produce DAPG indicated that this ability is not confined to the
genus Pseudomonas. It is possible that genes involved in
DAPG biosynthesis might have been horizontally transferred
between members of the genus Pseudomonas and members of
other bacterial genera. This possibility was suggested by the
results of a preliminary analysis of the nucleotide sequence of
the 745-bp phlD fragment obtained by PCR from some strains
belonging to ARDRA groups 1 and 2. We found that there
were extremely high levels of sequence identity (>99.8%) be-
tween the sequences of phlD DNA fragments of isolates be-
longing to ARDRA group 2, including isolates 3-45 and 16-31,
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and the homologous sequences obtained from strains belong-
ing to ARDRA group 1 (including isolate 3-1). The lack of
divergence between phlD sequences from isolates belonging to
different bacterial genera supports the hypothesis that lateral
gene transfer occurs, even though we cannot a priori rule out
any other possible explanation.

The ARDRA results confirmed the high levels of genetic
heterogeneity among fluorescent pseudomonads observed by
Laguerre et al. (28) and the fact that several species could be
grouped together on the basis of having the same Alul
ARDRA pattern. This is in agreement with previous findings
which showed that there are several groups of organisms which
have almost identical 16S rRNA sequences (and therefore
produce identical ARDRA patterns) but for which the levels of
DNA hybridization are significantly less than 70%, indicating
that they represent individual species (48).

The genetic diversity of isolates belonging to ARDRA group
1 was checked by performing a RAPD analysis and was ana-
lyzed by AMOVA. Significant genetic variability between root
and rhizosphere soil isolates was not found, which was consis-
tent with the finding that 13 genotypes were found in both
locations. When we analyzed the two locations separately, we
found that plant development did not have the same effect on
biodiversity in the two populations. The genetic variability of
the root isolates did not change significantly over time except
for the last sampling time (106 days), at which time the genetic
diversity increased. The lowest level of genetic variability for
DAPG producers was found when maize roots were highly
colonized, suggesting that selection of particular strains oc-
curred when roots produced large amount of exudates.

The genetic diversity of rhizosphere soil isolates was much
greater (range, 10.21 to 26.69%) than the genetic diversity of
root isolates, suggesting that an important part of genetic vari-
ability may be attributed to divergence among strains obtained
at different stages of plant growth.

In conclusion, the stage of plant growth appeared to signif-
icantly affect the level of genetic diversity of the Pseudomonas
DAPG-producing population and seemed to be related to the
level of root exudate production. Our data are consistent with
previous data which showed that Burkholderia cepacia (9, 33)
and Paenibacillus azotofixans (46) populations in maize rhizo-
spheres changed while plants grew. Moreover, Seldin et al. (46)
also showed that P. azotofixans populations isolated from rhi-
zosphere soil, roots, and non-root-associated soil of maize
were statistically different.

Finally, the results of this study have practical importance in
the context of using biocontrol agents to protect crops against
rhizosphere pathogens. Indeed, we found that in pot experi-
ments DAPG producers were present in the maize rhizosphere
during all stages of plant development but were present at a
very low density during the first stage of maize growth. Since
the maize root systems at the first three sampling times (27, 55,
and 72 days) did not saturate the pot soil (data not shown), it
is likely that the changes in the DAPG-producing population
during this time were similar to changes that occur under field
conditions. However, at the last two sampling times (92 and
106 days) very large root systems filled the pots, and therefore
it would be interesting to compare this part of our results with
field data. It is known that in the field maize is more sensitive
to rhizosphere pathogens during the first stage of growth,
which corresponds to the end of germination. The low densi-
ties of DAPG producers in the rhizosphere could explain this
sensitive period during maize growth. Thus, releasing a good
biocontrol agent during the first stage of plant development
should be very useful. Furthermore, our data indicate that
similar populations of DAPG producers are present in the
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maize rhizosphere throughout the growing season and that
some of these strains have the same genotype. As these strains
are very similar, we hypothesize that if they were included in an
inoculum, they would efficiently colonize the maize rhizo-
sphere and protect it throughout the growing season. Thus, the
type of DAPG producers described here could be used in
future screening programs for biocontrol agents.
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