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a b s t r a c t

Natural suppressiveness of Swiss soils to Thielaviopsis basicola-mediated tobacco black root rot is thought
to depend mainly on fluorescent pseudomonads producing the antimicrobial compound 2,4-
diacetylphloroglucinol. However, the relation between these phlþ Pseudomonas populations and both
the T. basicola population and disease suppressiveness in these soils is unknown, and real-time PCR tools
were used to address this issue. Significant rhizosphere levels of phlþ pseudomonads had been evidenced
before in suppressive as well as conducive soils, but this was done using culture-based approaches only.
Here, a phlD-based real-time PCR method targeting all phlDþ genotypes, unlike the strain-specific real-
time PCR methods available so far, was developed and validated (detection limit around 4 log cells g�1

soil and amplification efficiency >80%). When implemented on Swiss soils suppressive or conducive to
black root rot, it clarified the hypothesis that suppressiveness does not require higher levels of phlDþ

pseudomonads. The parallel assessment of T. basicola population by real-time PCR (method of Huang and
Kang, 2010) suggested that suppressiveness was not due to the inability of the pathogen to colonize the
rhizosphere and tobacco roots in suppressive soils, but rather that phlþ pseudomonads might act by
limiting root penetration by the pathogen in suppressive soils. In conclusion, an effective real-time PCR
method was achieved for phlDþ pseudomonads and can be used to monitor this key functional group in
various environmental conditions, including here to better understand the ecology of suppressive soils.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Soil-borneplant pathogens can cause extensivedamage toplants
both in natural plant communities and crop stands. However, root
infection by these phytopathogens may be controlled by competi-
tion or antagonistic effects of rhizosphere microorganisms
(Raaijmakers et al., 2009). The latter include plant-protecting strains
from the Pseudomonas spp., which can act by different mechanisms
(Couillerot et al., 2009), particularly the production of antimicrobial
compounds such as 2,4-diacetylphloroglucinol (DAPG) and others
(Haas and Défago, 2005; Weller et al., 2007). DAPG inhibits various
phytopathogens in vitro (Haas and Keel, 2003), may induce an ISR
response in plant (Iavicoli et al., 2003;Weller et al., 2012), as well as
modulating root development (Brazelton et al., 2008) and
exudation (Phillips et al., 2004), or enhancing the expression of

phytostimulation-relevant genes in neighboring Azospirillum
bacteria (Combes-Meynet et al., 2011).

Pseudomonads harboring phl genes for DAPG production display
world-wide distribution (Wang et al., 2001). However, their pop-
ulation size and diversity may fluctuate according to soil location
(Meyer et al., 2010), soil geomorphology (Frapolli et al., 2010), crop
species and variety (Picard and Bosco, 2006; von Felten et al., 2011),
and soil management (Bergsma-Vlami et al., 2005; Rotenberg et al.,
2007). In certain cases, the phlþ Pseudomonas spp. reach rhizo-
sphere numbers high enough for effective plant protection, as shown
for soils suppressive to take-all of wheat and barley caused by
Gaeumannomyces graminis var. tritici (Weller et al., 2007), Fusarium
wilt of pea mediated by Fusarium oxysporum f. sp. pisi (Landa et al.,
2002) and Thielaviopsis basicola-mediated black root rot of tobacco
(Stutzet al.,1986;Keel et al.,1992). Suppressive soils are soils inwhich
the extent of certain disease(s) on susceptible crop is significantly
limited by one or several plant-protecting microbial populations,
such as phlþ Pseudomonas species or others (Raaijmakers andWeller,
1998; Weller et al., 2007; Kyselková and Moënne-Loccoz, 2012).
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The presence of root pathogens can lead to larger phlþ pop-
ulations, as observed for cucumber and maize infected by Pythium
ultimum (Notz et al., 2001; Rotenberg et al., 2007), or bean by
Rhizoctonia solani (Jamali et al., 2009). This is attributed to root
leakage of nutrients as a result of disease, and participates to the
build-up of phlþ Pseudomonas populations in relation to
monoculture-induced decline of wheat take-all (Raaijmakers and
Weller, 1998). Changes in the proportions of different genotypes
of G. graminis var. triticimay also take place during take-all decline,
and this might facilitate suppressiveness in that less aggressive
genotypes become prevalent (Lebreton et al., 2007). It is unknown
whether a similar interplay between pathogen and phlþ Pseudo-
monas populations exists in black root rot suppressive soils (Gasser
and Défago, 1981; Stutz et al., 1986; Frapolli et al., 2010), but very
little has been done to monitor T. basicola in these soils.

The soils naturally suppressive to black root rot of tobacco (and
other crops) occur mainly in the region of Morens (Switzerland),
where both suppressive and conducive soils are present in the
landscape. Conducive soils derive from weathered molasses (i.e.
sandstone) and suppressive soils from shallow morainic material
overlying the sandstone (Stutz et al.,1989). Yet, both types of soil (i.e.
brunisols) are chemically similar, except for the predominance of
iron-releasing vermiculite among clay minerals in suppressive soils
(Stutz et al., 1989). Since phlþ Pseudomonas were also present in
significant numbers inMorens conducive soils (Ramette et al., 2003;
Frapolli et al., 2010), the hypothesis was raised that soil suppres-
siveness status in the case of black root rot could be linked to the
diversity of phlþ Pseudomonas populations. Indeed, the latter differs
between Morens suppressive and conducive soils (Frapolli et al.,
2008, 2010), which can have a strong impact on plant protection
efficacy (Becker et al., 2012). However, the monitoring of phlþ

pseudomonads at Morens has relied so far on (various) culture-
dependent methods (needing PCR detection of the phlD gene
essential for DAPG synthesis), whose results were not confirmed by
a culture-independent approach based on 16S rDNA microarray
analysis (Kyselková et al., 2009). Although active, Pseudomonas cells
in the rhizosphere may be under starvation stress (Marschner and
Crowley, 1996) and viable but non-culturable subpopulations can
develop (Troxler et al., 2012; Sørensen et al., 2001), biasing culture-
based estimates. Four phlD-based real-time PCR methods, each
targeting a particular phlDþ strainwere developed byMavrodi et al.
(2007) but these methods poorly cover the diversity of phlþ pseu-
domonads, for which 22 genotypic groups have been described
worldwide. Thus, a general culture-independentmethod toquantify
all 2,4-diacetylphloroglucinol-producing pseudomonads (and
allowing analysis of their diversity) is still lacking.

Against the background of current hypotheses on the suppres-
siveness of Morens soils to Thielavioposis black root rot, our
understanding of this disease suppression is limited by (i) the fact
that only culturable phlþ pseudomonads have been studied until
now, and (ii) the lack of knowledge on the relation between phlþ

Pseudomonas and T. basicola populations in these soils, and the
consequences for suppressiveness. These issues were the targets of
the current work. A real-time PCR protocol is available for quanti-
fication of the pathogen T. basicola (Huang and Kang, 2010) but not
for phlþ Pseudomonas, and thus a single phlD-based real-time PCR
method was developed and validated for simultaneous quantifi-
cation of all phlþ Pseudomonas. This methodwas then implemented
to assess the hypothesis that suppressiveness to black root rot does
not require higher levels of phlDþ pseudomonads in the rhizo-
sphere. To this end, the size (and genetic structure by tRFLP anal-
ysis) of natural populations of phlþ pseudomonads in disease
suppressive and conducive soils from Morens was monitored, in
parallel to the quantification of T. basicola using the real-time PCR
method of Huang and Kang (2010).

2. Material and methods

2.1. Bacterial cultures, fungal cultures and genomic DNA extraction

The pseudomonads used belonged to Pseudomonas protegens
(i.e. strain CHA0; Stutz et al., 1986; Ramette et al., 2011) or the
‘Pseudomonas fluorescens’ species complex defined by Anzai et al.
(2000), i.e. strains Q2-87 (Vincent et al., 1991), F113 (Fenton et al.,
1992) and its spontaneous rifampicin-resistant mutant F113Rif
(Carroll et al., 1995), Pseudomonas thivervalensis PITR2, Pseudo-
monas kilonensis P12 (Keel et al., 1996), K93.2, P87-38 and Pseu-
domonas brassicacearum P97-30 (Wang et al., 2001). All strains
were routinely grown at 27 �C in solid or liquid KB medium (King
et al., 1954) supplemented with chloramphenicol (10 mg mL�1)
and ampicillin (40 mg mL�1). For strain F113Rif, rifampicin was
added to the medium at 50 mg mL�1 (KB Rif). For genomic DNA
extraction, bacterial strains were grown overnight in 150 mL of
liquid medium with shaking (150 rpm), and DNA was extracted
from 500 mL of bacterial culture using the NucleoSpin Tissue kit
(MachereyeNagel, Hoerdt, France), following the manufacturer’s
instructions. DNA was quantified spectrophotometrically and
adjusted to 30 ng mL�1.

T. basicola Ferraris strain ETH D127 (Berk. and Br.) was grown 4
weeks in the dark on malt agar (Ramette et al., 2003). A suspension
containing 6� 104 endoconidia mL�1 was prepared as described by
Ramette et al. (2003) and used for tobacco inoculation or DNA
extraction. Fungal DNA was extracted from 400 mL of the suspen-
sion, following the protocol of Ward (2009) for spores in liquid
medium. DNA concentration was adjusted to 10 ng mL�1.

2.2. Plant experiments and samplings

Soil samples from two suppressive (MS8 and MS16) and two
conducive (MC10 and MC112) fields from Morens (Frapolli et al.,
2010; Kyselková et al., 2009) were taken from 8 to 30 cm depth
in June 2010. Stones and roots were removed before sieving soil at
5 mm and filling 300 cm3 plastic pots (350 g soil per pot). Tobacco
(Nicotiana glutinosa L.) was grown for 4 weeks, as described
previously (Ramette et al., 2003), before transplanting into soil. Soil
water content was adjusted to 70% of the water retention capacity
for each soil, and was maintained by watering the pots with
distilled water every two days.

In the first plant experiment, carried out with soil MC10 alone
(for method development), plant root systems with tightly
adhering soil were sampled 1 or 3 days after transplanting. Roots
were washed in 1 mL of sterile 0.8% NaCl solution by vortexing
(30 min at 1500 rpm), and rhizosphere soil was collected by
centrifugation (20 min at 4 �C and 3500 g) prior to lyophilization
(described below). In the second experiment, conducted with the
four soils together (for comparison of suppressive and conducive
soils), half the pots were inoculatedwith 103 T. basicola endoconidia
cm�3 soil (as described in Ramette et al., 2003), and plant root
systems with tightly adhering soil were sampled at 7 and 21 days.
They were lyophilized at �50 �C for two days (freeze-drier Christ
Alpha 2-4, Martin Christ, Osterode, Germany) before delicately
separating the roots from the rhizosphere soil using tweezers.

2.3. DNA extraction from plant roots and rhizosphere soil

DNA was extracted from soil or from roots, following a protocol
modified fromGriffiths et al. (2000), as follows. Lyophilized samples
were ground in 2-mL tubes using a spatula and DNA was extracted
from the totality of the sample for roots (33e264mg) or 500mg for
rhizosphere soil. Samplesweremixedwith 0.5 g of 100 mmzirconia/
silica beads (BioSpec, Bartlesville, OK), 500 mL of CTAB extraction
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solution (hexadecyltrimethylammonium bromide 5%, 1,4-dithio-
DL-threitol 1 mM in 120 mM phosphate buffer, pH 8) and 500 mL of
phenol-chloroform-isoamyl alcohol (25:24:1), and were agitated in
a bead-beater (TissueLyser II Retsch, Qiagen, Courtaboeuf, France) at
30 Hz for 2 � 45 s with a 1 min cooling step in between. The tubes
were then centrifuged for 10 min at 16 000 g and 4 �C and the
aqueous phase containing the DNA was recovered. This extraction
step was repeated once and the two supernatants were pooled,
mixed with 1 volume of chloroform-isoamyl alcohol to eliminate
phenol traces and centrifuged for 10 min at 16 000 g and 4 �C. For
DNA precipitation, 75% of the aqueous phase was recovered and
mixed with 40 mg of glycogen and 0.1 volume of a 3 M potassium
acetate solution (pH 4.8). After addition of 2.5 volumes of absolute
ethanol, DNAwas precipitated for 2 h at�20 �C andwas pelleted by
centrifuging the tubes for 30min at 16 000 g and 4 �C. The pelletwas
washed with 500 mL of 70% ethanol, dried and suspended in 100 mL
of ultra-pure water. DNA was quantified using the PicoGreen assay
(Molecular Probes, Invitrogen, Cergy Pontoise, France).

2.4. Development of phlD primers

The phlD sequences from 28 reference strains (Fig. 1) repre-
senting the six phylogenetic groups of DAPG producers defined
based on concatenated housekeeping gene sequences (Frapolli
et al., 2007) were aligned using ClustalX (Thompson et al., 1997).
The phlD-like sequence from the DAPG-negative strain Strepto-
myces avermitilis ATCC31267 (AB070948.1) was included in the
alignment to serve as a non-target sequence. This alignment was
used to perform a phylogenetic analysis on the 28 phlD sequences.
The tree was inferred from 619 nucleotides using the Neighbor-
Joining (NJ) method in MEGA4 (Tamura et al., 2007) with the
Kimura two-parameter method for distance calculation (Kimura,
1980). Nodal robustness of the tree was assessed using 1000
bootstrap replicates.

Using the phlD alignment, new primers (25e30 bp in length)
were visually selected in regions conserved among the phlD
sequences and absent from the non-target sequence. The new
primers, along with primers B2BF and BPR4 (McSpadden Gardener

et al., 2001) known to amplify phlD in all DAPG-producing strains
tested (De La Fuente et al., 2006; Frapolli et al., 2008), were then
assessed based on the six following criteria: (i) a melting temper-
ature (Tm) of 60e67 �C, (ii) an absence of predicted hairpin loops
and primeredimer formations (Couillerot et al., 2010), (iii) a Tm
difference between primers not exceeding 1 �C, (iv) an amplifica-
tion product not exceeding 400 bp, (v) a maximum of 3mismatches
between each primer and the 334 phlD sequences available (in
February 2012) in the nr Nucleotide Sequence Database, and (vi)
the ability to specifically amplify phlD in genomic DNA samples
(using 6 ng of genomic DNA from the eight phlDþ strains high-
lighted in Fig. 1) and in a complex environmental DNA sample
(using 6 ng of rhizosphere DNA from 21-days tobacco grown in soil
MS8) by real-time PCR. Primer melting temperature, predicted
hairpin loops and predicted primeredimer formations were
determined using Oligo 6 (Molecular Biology Insights, West
Cascade, CO) and the nearest-neighbor method (Saitou and Nei,
1987). Amplification specificity was determined by checking the
Tm and size of the amplification product through (i) melting curve
analysis followed by Tm determination (described below) and (ii)
gel electrophoresis analysis and the observation of a single band of
the expected size. Following this, one phlD-specific primer-pair was
used for phlD real-time PCR optimization.

2.5. Generation of standard curves and phlD quantification in
samples

Standard curves were generated using genomic DNA of eight
phlDþ Pseudomonas strains (indicated in bold in Fig. 1) belonging to
distinct phlD genotypic clusters. Strain genomic DNA was serially
diluted ten-fold in three separated series to obtain standards from
3� 106 to 30 fg DNA mL�1. Twomicroliters of each standard dilution
(i.e. from approximately 8 � 105 to 8 phlD copies) were used for
real-time PCR analysis. Real-time PCR assays were conducted using
96-well white microplates, LightCycler 480 SYBR Green I Master
mix in a final volume of 20 mL, and a LightCycler 480 (Roche Applied
Science, Meylan, France). Cycle threshold (Ct) of individual samples
was calculated using the second derivative maximum method in

Fig. 1. Neighbor-Joining tree showing phylogenetic relationship between the 28 phlD sequences used for primer development and the correspondence with the MLSA phylogenetic
groups AeF of phlþ pseudomonads defined by Frapolli et al. (2007). Strains used for real-time PCR method validation are indicated in bold, and phlD accession numbers in
parenthesis. Bootstrap values superior to 60% are shown. The scale bar represents the number of substitutions per site. The phlD clusters from Frapolli et al. (2008) are indicated.
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the LightCycler Software v.1.5 (Roche Applied Science). The stan-
dard curves were obtained by plotting the mean Ct value of the
three replicates (per DNA concentration) against the log-
transformed DNA concentration. Amplification efficiency (E),
calculated as E¼ 10(�1/slope) � 1, and the error of the method (Mean
Squared Error of the standard curve) were determined using the
LightCycler Software v.1.5 (Roche Applied Science). The equivalence
between DNA amount and phlD copy number was estimated based
on (i) a Pseudomonas genome of approximately 7.26 fg DNA
(derived from the 7.1 Mbp genome of P. protegens Pf-5; Paulsen
et al., 2005) and (ii) the occurrence of phlD in one copy per
genome (Moynihan et al., 2009). The detection limit was deter-
mined as the number of phlD copies at the last DNA concentration
giving 3 positive results out of 3 replicates (Bustin et al., 2009).
Amplification specificity was checked by melting curve analysis of
the amplification product using a fusion program consisting of an
initial denaturing step of 5 s at 95 �C, an annealing step of 1 min at
65 �C and a denaturing temperature ramp from 65 to 97 �C with
a rate of 0.11 �C s�1. Melting curve calculation and Tm determination
were performed using the Tm Calling Analysis module of Light-
Cycler Software v.1.5 (Roche Applied Science).

Real-time PCR optimization was sought to improve phlD
amplification efficiency (above 80%) and error (below 0.01; Zhang
and Fang, 2006) for the eight phlDþ Pseudomonas strains. Were
tested: three primer concentrations (0.5, 0.75 and 1 mM), 2 DMSO
concentrations (3% and 6%), the addition of T4g32 protein (0.5 mg
per reaction mix; Roche Applied Science), 5 annealing tempera-
tures (62, 63, 65, 67 and 69 �C), 5 annealing times (30, 15, 9, 7 and
5 s) and 2 elongation times (30 and 15 s).

The final reaction mix contained 10 mL of LightCycler 480 SYBR
Green I Master Vial 1, 1.9 mL of Vial 2 (Roche Applied Science), 1 mM
of primer B2BF, 1 mM of primer B2BR3, 0.5 mg of T4g32 protein, 3%
DMSO and 2 mL of DNA. The final cycling program included a 10min
incubation at 95 �C, 50 amplification cycles of 30 s at 94 �C, 7 s at
67 �C and 15 s at 72 �C; and the fusion program for melting curve
analysis described above. The standard curve thus generated from
genomic DNA of ‘P. fluorescens’ F113 was subsequently used as the
external standard curve for determination of phlD copy number in
uncharacterized DNA samples. Ten-time diluted DNA samples were
analyzed by real-time PCR in triplicate (following the above
protocol), and the mean Ct value was reported in the external
standard curve to infer phlD copy number in the sample, using the
LightCycler 480 Software and the “external standard curve” option
for absolute quantification. Two DNA standards from genomic DNA
of ‘P. fluorescens’ F113 (0.6 and 6 pg corresponding to approximately
80 and 800 phlD copies) were included as reference in each run to
detect between-run variations.

2.6. Generation of standard curves from bulk soil inoculated with
phlDþ Pseudomonas F113 and CHA0

Non-sterile bulk soil samples (500 mg) from fields MC10 or MS8
were inoculated with 100 mL of ten-fold dilutions of bacterial cell
suspension, reaching from 4.6 � 108 to 4.6 � 102 CFU g�1 soil for
strain F113, and 1.7 � 108 to 1.7 � 102 CFU g�1 soil for strain CHA0.
Three samples per strain and per CFU concentrationwere prepared,
negative controls received 100 mL of 0.8% NaCl solution, and the
bacterial dilutions were plated onto KB medium to verify CFU
levels. Soil samples were immediately lyophilized (at �50 �C for
two days) and DNA was extracted, as described above for rhizo-
sphere soil. For each strain � soil combination, a standard curve
was obtained by plotting the mean Ct value of the three inoculation
replicates against log-transformed CFU level. The amplification
efficiency, the error and the detection limit of themethod were also
determined, as described above.

2.7. Method validation based on colony counts of ‘P. fluorescens’
F113Rif in the tobacco rhizosphere

Before transplanting into soil MC10, tobacco roots were inocu-
lated with 100 mL of ten-fold dilutions of F113Rif cell suspension to
obtain from 2.6 � 109 to 2.6 � 103 CFU per plant. Four plants per
CFU concentration were prepared, negative controls received
100 mL of 0.8% NaCl solution, and the bacterial dilutions were plated
onto KB Rif medium to verify CFU levels. Two plants per CFU
concentration were sampled at 1 day and the other two at 3 days.
Plants were taken out of the soil, root systems (with tightly
adhering soil) were placed each in 1 mL of 0.8% NaCl solution, the
tubes were shaken for 30 min at 1500 rpm, roots were removed,
and cell number of F113Rif in the remaining suspension was esti-
mated by counting colonies on KB Rif plates (after a 2 day incu-
bation). For DNA extraction, the suspensions were centrifuged for
20 min at 4 �C and 3500 g, the supernatant was discarded, the
rhizosphere soil pellet lyophilized and its DNA extracted following
the soil DNA extraction protocol described above. Ten times diluted
DNA samples were analyzed by real-time PCR in triplicate and the
mean Ct value was used to infer phlD copy number in each sample,
as described above.

2.8. Analysis of indigenous root-colonizing phlDþ Pseudomonas in
Morens soils

Seven days (only for soils MS8 and MC112) and 21 days (for all
soils) after tobacco transplanting, the root systems (roots and
tightly adhering soil) of five tobacco plants inoculated with
T. basicola and five non-inoculated tobacco plants (per soil and per
date) were collected. After lyophilization, roots were separated
from rhizosphere soil, as described above (Section 2.2). phlD copy
number in root and rhizosphere DNA samples was determined by
real-time PCR, as described above (Section 2.5).

When the real-time PCR method was implemented to monitor
root-associated phlDþ Pseudomonas in Morens soil, melting curve
analysis and gel migration of the phlD amplicons showed the pres-
ence of a single peak (of expected Tm) and band (of expected size),
respectively. phlD identitywas confirmed by sequencing four clones
from one real-time PCR product from one root sample from soil
MS8, as follows. Because real-time PCR products cannot be used
directly for cloning, theywerefirst re-amplifiedbyconventional PCR
using the same primers. PCRs were carried out in 50-mL volumes
containing 3% DMSO, 1 � buffer (Roche Applied Science), 1.5 mM
MgCl2, 100 mMof each dNTP, 1 mMof each primer B2BF/B2BR3,1.8 U
of Taq Expand High Fidelity DNA polymerase (Roche Applied
Science) and 1 mL of template DNA. The cycling program included
3 min at 94 �C, 30 amplification cycles of 1 min at 94 �C, 1 min at
62 �C and1minat 72 �C, andan elongation stepof 3min at 72 �C. PCR
products were purified (MinElute PCR purification kit; Qiagen),
cloned (pGEMs-T Easy Vector System kit; Promega, Charbonnières,
France) and both strands were sequenced (LGC Genomics, Berlin,
Germany) for four clones. The sequences (EMBL accession numbers
HE647865eHE647868) were checked, edited with BioEdit v.7.0
(Hall,1999), and theirphlD identitywasdeterminedusing theBlastN
algorithm and the nr Nucleotide Sequence Database.

2.9. tRFLP analysis of phlD alleles

Following real-time PCR amplification of phlD, four amplification
products (two fromtobacco roots and two fromthe rhizosphere) per
treatment were re-amplified by PCR, as indicated above, using
primers B2BF and B2BR3 (the latter labeled in 50 with Carboxy-
fluorescein; Invitrogen). PCR products were purified using
the MinElute PCR purification kit (Qiagen), following the
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manufacturer’s instructions. Product digestion and tRFLP analysis
were conducted as in von Felten et al. (2011), except that EcoO109I
was replaced with MaeI to recognize a unique restriction site
present only in phlD sequences from phylogenetic group D. Briefly,
500 ng of PCR product were digested for 4 h at 37 �C with 0.5 U of
each restriction enzyme (BspI, NspI, AseI, Kpn2I, PstI and MaeI;
Fermentas, St. Leon Rot, Germany) in a 12 mL reaction containing
1 � buffer (Fermentas). Terminal restriction fragments were
analyzed on automated sequencer ABI 3730XL (Applied Biosystems,
Foster City, CA), using 1 mL of digested product and 0.4 mL of
GeneScan-600LIZ (Applied Biosystems), and data was analyzed
using Gene Mapper Software 4.0 (Applied Biosystems) with a peak
detection limit set to 50 relative fluorescence units. A sample con-
sisting of a mix of genomic DNA (30 ng) from P. brassicacearum P97-
30 (phylogenetic groupA), ‘P. fluorescens’ F113 (B), ‘P. fluorescens’Q2-
87 (C), P. thivervalensis PITR2 (D), ‘P. fluorescens’ P87-38 (E) and
P. protegens CHA0 (F) was included to verify the size of terminal
fragments. tRFLP chromatograms were converted into binary
matrices (presence vs absence of peaks for each replicate) and
results from the two replicates were combined and converted to
frequencymatrices (for eachpeak, frequencywas 1 if present in both
replicates, 0.5 if in one replicate, and 0 if absent), as done by von
Felten et al. (2011). The frequency matrices were used for cluster
analysis based on the Euclidean distances.

2.10. Real-time PCR quantification of T. basicola in Morens soils and
suppressiveness test

T. basicolawas quantified by real-time PCR, using the protocol of
Huang and Kang (2010). To generate the standard curve, T. basicola
genomic DNA (obtained as described above) was serially diluted
ten-fold in three separated series to obtain from 1.3 � 106 to 1.3 fg
DNA mL�1, and 2 mL of each dilution were used for real-time PCR
analysis. The assay was conducted using ITS primers Tb1/Tb2
(Huang and Kang, 2010). The reaction mix contained 10 mL of
LightCycler 480 SYBR Green I Master Vial 1, 4 mL of Vial 2 (Roche
Applied Science), 0.4 mM of primer Tb1, 0.4 mM of primer Tb2 and
2 mL of DNA. The cycling program included a 10 min incubation at
95 �C, 45 amplification cycles of 20 s at 94 �C, 20 s at 54 �C and 20 s
at 72 �C; and the same fusion program for melting curve analysis
described above for phlD. Ct values, standard curve, amplification
efficiency and error, detection limit, melting curves and Tm values
were determined, as indicated above for phlD.

For quantification of T. basicola in the rhizosphere of Morens
soils (experiment described above), the standard curve generated
with strain ETH D127 was used as external standard curve. Ten-
time diluted DNA samples were analyzed by real-time PCR in
triplicate and the mean Ct value was used to infer the amount of
T. basicolaDNA in the sample, using the external standard curve and
two DNA standards (2 � 104 and 2 � 105 fg of T. basicola DNA), as
indicated for phlD quantification. To verify that amplicons did
correspond to T. basicola ITS, real-time PCR products obtained with
root samples from one non-inoculated plant (in soil MS8) and two
inoculated plants (one in soil MS8 and the other in MC112), as well
as with genomic DNA from strain ETH D127, were re-amplified by
conventional PCR, as described above for phlD, expect that no
DMSO was added, primers Tb1/Tb2 were used and primer
annealing was at 50 �C. PCR products were, purified, cloned and ten
clones per sample were sequenced, as described above for phlD.
T. basicola ITS sequences (EMBL accession numbers HE647869e
HE647899) were checked and edited with BioEdit v.7.0 (Hall,
1999) and their affiliation was determined using the BlastN algo-
rithm and the nr Nucleotide Sequence Database.

In the same experiment, the suppressive/conducive status of
each soil was verified. For this purpose, 8 T. basicola inoculated and

8 non-inoculated plants were collected per soil at 21 days, and the
washed roots were used to score black root rot symptoms and
determine disease severity (i.e. percentage of root surface covered
by T. basicola chlamydospores) using a height-class disease scale
(Stutz et al., 1986; Ramette et al., 2003).

2.11. Statistical analyses

All statistical analyses were performed in the R environment
(v.2.12.0) using the Agricolae (De Mendiburu, 2007) and Car (Fox
and Weisberg, 2011) packages, at P < 0.05. Normality was tested
using Shapiro’s test. Because real-time PCR data were not normally
or log-normally distributed, (i) zero values were replaced by the
detection limit (Kloepper and Beauchamp, 1992) of the real-time
PCR method i.e. 8 phlD copies and 260 fg of T. basicola DNA, and
(ii) datawas power-transformed using the BoxeCox transformation
method (Box and Cox, 1964) in the Car package. Means were
compared by ANOVA performed both on power- and on rank-
transformed data, followed by Fisher’s LSD tests, obtaining nearly
identical results with the two transformation procedures. Only
statistical results from power-transformed data are shown. Disease
severity was compared between treatments by two-factor (i.e.
soil � T. basicola inoculation) ANOVA followed by Fisher’s LSD tests
at P < 0.05, based on rank-transformed data. Correlation analyses
were performed on log-transformed data using Pearson’s producte
moment correlation coefficient (r) and its associated P value.

3. Results

3.1. Development of phlD real-time PCR primers

Six primer pairs were assessed to fit the six phylogenetic groups
of DAPG producers described by Frapolli et al. (2007). Primer pair
B2BFeBPR4 (McSpadden Gardener et al., 2001) was discarded
because of high Tm difference between primers and high product
size. Two pairs were discarded as one of the primers displayed
more than three mismatches with certain phlD sequences, and two
others were dismissed since they failed to specifically amplify phlD
from rhizosphere DNA by real-time PCR (Table S1). Only B2BF/
B2BR3 (described in Table 1) fit all six assessment criteria, and this
pair was chosen for real-time PCR optimization.

3.2. Optimization and validation of phlD real-time PCR

Real-time PCR conditions were optimized to obtain an amplifi-
cation efficiency of>80% and an error below 0.1 with genomic DNA
of all 8phlDþ strains tested,whichexhibited the samedetection limit
of 60 fg DNA (equivalent to approximately 8 phlD copies; Table 2).

When tested in non-sterile bulk soil inoculatedwith strains F113
and CHA0, amplification efficiencies above 80% and errors below
0.1 were also obtained, for both soils tested (Table 2). Detection of
indigenous phlDþ Pseudomonas prevented estimation of detection
limits in soil MS8, whereas in soil MC10 they were 4.4 log phlD
copies g�1 soil for strain F113 and 4.1 log phlD copies g�1 soil for
strain CHA0. In soil MC10, phlD copy numbers from real-time PCR
were 0.23� 0.11 log lower than that expected from CFU inoculation
levels (Figure S1).

When the phlDþ strain ‘P. fluorescens’ F113Rif was monitored in
the rhizosphere of tobacco grown in non-sterile soil MC10,
a highly significant, positive linear correlation (P � 0.01) was
observed between colony counts on KB Rif and phlD copies
quantified by real-time PCR (Fig. 3). The detection limit of the real-
time PCR method in the tobacco rhizosphere was 3.7 log phlD
copies per root system, but the corresponding CFU could not be
determined since they were below the detection limit of
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approximately 3 log CFU per root system. For all samples, F113Rif
levels quantified by phlD real-time PCR were 1.66 � 0.50 log
higher than colony counts (Fig. 3).

3.3. Disease severity and soil suppressiveness

Black root rot suppressiveness is the capacity of the soil (i) to
limit disease severity due to natural T. basicola infestation and (ii)
especially to buffer the increase in disease severity resulting from
pathogen inoculation at high level (103 or 104 endoconidia g�1 soil),
with final disease severity of tobacco typically less than 30%. Here,
T. basicola-inoculated plants exhibited significantly higher disease
severity than non-inoculated controls in conducive soils MC112
(47� 10% vs 15� 8%) andMC10 (45� 8% vs 3� 2%) (Figure S2). This
was also the case in the moderately suppressive soil MS16 (24 � 5%
vs 6 � 2%), but the increase in disease severity was only half as
much. The difference was not significant in suppressive soil MS8
(23 � 8% vs 19 � 8%).

3.4. Prevalence of indigenous root-colonizing phlDþ Pseudomonas
in Morens soils

At 7 days after transplanting of tobacco seedlings, the number of
phlDþ Pseudomonas quantified through real-time PCR was lower in
soilMS8 than in soilMC112, regardless of whether (i) rhizosphere or
roots were assessed and (ii) data were expressed per mg of DNA
extracted, g of root, or root system (Fig. 4). Inoculation with
T. basicola had essentially no impact on phlD copies. Similar findings
were also made in the two soils at 21 days, where the assessment
was extended to soils MS16 and MC10. Compared with soil MS8 or
MS16, phlD copies in soilMC10were equivalent or lower, depending
on sample type (rhizosphere or roots), T. basicola inoculation and/or
data expression (per mg of DNA, g of root, or root system), whereas

those in soilMC112were alwaysmuch higher.With soilsMS8,MS16
and MC10 a positive correlation was found between the number of
phlDþ Pseudomonas and the ability of the soil to buffer disease
severity increase resulting frompathogen inoculation, but itwas not
significant when including also soil MC112 (Figure S3).

3.5. phlD polymorphism in Morens soils

When tested on a mixture of genomic DNA from Pseudomonas
strains belonging to the six phylogenetic groups of DAPG producers,
tRFLP analysis of phlD allowed discrimination of the six expected
terminal fragments, with sizes of 73 bp (phylogenetic group C),
142 bp (D), 212 bp (E), 222 bp (A), 229 bp (F) and 275 bp (B). In
tobacco rhizosphere and root samples from Morens soils, only
phylogenetic groups B (detected in 47 of 48 samples), D (41/48), A
(11/48) and F (1/48) were found. In all soil � T. basicola inoculation
combinations, the number of phylogenetic groups detected was
higher for roots (2 or 3 per sample) than for rhizosphere (1 or 2 per
sample), with all genotypes found detected in the rhizosphere also
found with the root samples.

When all root samples were compared, two phlD tRFLP clusters
were evidenced (Fig. 5). One gathered 5 T. basicola inoculated
treatments and 1 non-inoculated treatment, whereas the other was
comprised of 1 inoculated and 5 non-inoculated treatments. This
clustering of root samples was largely due to phylogenetic group A
(i.e. phlD cluster 5), which was detected only with inoculated plants
(but not all) in soils MS8, MS16 and MC112 and with both inocu-
lated and non-inoculated plants in soil MC10, but was absent from
7-day-old inoculated plants in soil MS8 (and rarely found in the
rhizosphere samples). Phylogenetic groups B and D were readily
detected in all treatments (including in rhizosphere samples),
while phylogenetic group F was found with roots from one 21-day-
old plant grown in soil MS8.

Table 2
Standard curve parameters and real-time PCR amplification efficiencies for phlD Pseudomonas strains in vitro and in non-sterile bulk soil.

MLSA phylogenetic
groupa

phlD
clusterb

Slope Amplification
efficiency (%)

Error Detection limit expressed as phlD
copies (in vitro) or phlD copies g�1

soil (in soil)

Pseudomonas strain in vitro
‘P. fluorescens’ F113 B e �3.35 98.7 0.03 8c

P. kilonensis P12 B 1 �3.33 99.0 0.06 8
‘P. fluorescens’ K93.2 B 2 �3.55 91.2 0.05 8
P. brassicacearum P97-30 A 5 �3.74 84.9 0.01 8
P. thivervalensis PITR2 D 6 �3.65 87.6 0.05 8
‘P. fluorescens’ Q2-87 C 7 �3.67 87.3 0.02 8
‘P. fluorescens’ P97-38 E 8 �3.62 88.7 0.01 8
P. protegens CHA0 F 9 �3.86 81.5 0.02 8

Pseudomonas straind � soil
‘P. fluorescens’ F113 � soil MC10 B e �3.48 93.8 0.05 4.4 log
‘P. fluorescens’ F113 � soil MS8 B e �3.45 94.7 0.06 Not donee

P. protegens CHA0 � soil MC10 F 9 �3.85 81.9 0.02 4.1 log
P. protegens CHA0 � soil MS8 F 9 �3.88 80.8 0.02 Not done

a MLST groups defined by Frapolli et al. (2007).
b Genotypic cluster of the different phlD alleles harbored by the strains. The phlD genotypic clusters were determined at a cut-off level of 99.1% sequence similarity by

Frapolli et al. (2008). Strain F113 represented a phlD genotype on its own in that study.
c Based on the experimental detection limit of 60 fg of genomic DNA, which corresponds to approximately 8 phlD copies.
d Obtained with an inoculum of 4.6 (for F113) or 4.2 (for CHA0) log CFU added g�1 soil.
e No detection limit could be determined for soil MS8 because phlD was readily detected in uninoculated samples (i.e. due to the prevalence of indigenous phlDþ

Pseudomonas).

Table 1
Primers used for phlD real-time PCR optimization.

Primer Sequence (50e30) Positiona (þ1) Length (bp) Tm (�C) Reference

B2BF ACCCACCGCAGCATCGTTTATGAGC 196 25 65.4 McSpadden Gardener et al. (2001)
B2BR3 AGCAGAGCGACGAGAACTCCAGGGA 514 25 64.6 This study

a Primer position on the 1050-bp phlD sequence from strain Pf-5 (genome accession number CP000076). The amplicon is 319 bp long.
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3.6. Relation between phlDþ Pseudomonas and T. basicola densities
in Morens soils

No correlation was found overall between levels of phlDþ Pseu-
domonas and T. basicola, regardless of whether the analysis was
conducted (i) with roots, rhizosphere soil or both together, (ii) at
either sampling time or with both combined, and (iii) on each soil
separately or considering all soils together (not shown). Neverthe-
less, when considering only the roots of non-inoculated plants,
a negative correlationwas observedwhether valueswere expressed
per gof root (r¼�0.69, P¼0.012),mgofDNA (r¼�0.57, P¼0.039) or
root system (r ¼ �0.74, P ¼ 0.007), whereas it was not significant
when considering T. basicola-inoculated plants (not shown).

3.7. Relation between T. basicola density and disease severity in
Morens soils

DNA amplification of T. basicola ETH D127 by real-time PCR
generated a standard curvewith a slope of�3.55 (corresponding to
91.1% amplification efficiency over 5 DNA concentrations), an error
of 0.003 and a detection limit of 260 fg of T. basicola DNA per
reaction. When the method was implemented to monitor root-
associated T. basicola in Morens soil, cloning and sequencing
revealed that the sequences amplified from non-inoculated and
inoculated plants were highly similar (99.4%) or identical to that of
T. basicola ETH D127 (not shown; 30 sequences assessed).

T. basicola DNAwas detected in the roots of 34 plants but only in
the rhizosphere of 18 of these plants. T. basicola inoculation did not
result in a significant increase of T. basicola levels in the rhizo-
sphere, except in soil MC112 at 7 days after planting (Fig. 6). In all
soils but MS16, T. basicola DNA was detected in roots of inoculated
as well as non-inoculated plants. The roots of inoculated plants in
soils MS8 (at 7 and 21 days), MC10 and MS16 (at 21 days) exhibited
T. basicola levels comparable to those found in their non-inoculated
counterparts. Conversely, T. basicola levels in roots were higher
upon inoculation in soil MC112. The same differences were
observed whether T. basicola level was expressed per mg of
extracted DNA, g of root or root system (not shown).

The average disease severity rated at 21 days was positively
correlated to the average pathogen level in roots measured at 7 days
in soilsMS8 andMC112 (n¼ 4), regardless ofwhether pathogen level
was expressed per mg of extracted DNA (r¼ 0.95, P¼ 0.022), g of root
(r¼ 0.90, P¼ 0.049) or root system (r¼ 0.91, P¼ 0.042). However, no
correlation was found when pathogen level was considered at 21
days (withall four soils availableoronlyMS8andMC112;not shown).

4. Discussion

The enumeration of phlþ Pseudomonas has often been donewith
culture-based methods that include (i) an enrichment step, (ii) the
use of semi-selective medium and (iii) PCR identification of phlDþ

colonies (Ramette et al., 2003; Mavrodi et al., 2007; Frapolli et al.,
2008). Although these methods enjoy low detection limits, the
enrichment/selection step is likely to bias results by favoring certain
types of phlDþ strains (Mavrodi et al., 2007). Culture-independent
real-time PCR methods, which have the potential to overcome
this bias, have been developed for bacterial (Le Roux et al., 2008;
Chen et al., 2008) and fungal populations (Lievens et al., 2006;
Huang and Kang, 2010) in the soil and rhizosphere, including for
a few types of phlþ pseudomonads (Mavrodi et al., 2007).

The phlD-based real-time PCR method developed here to
monitor natural populations of phlþ pseudomonads in plant roots
and rhizosphere targets the totality of the functional group and
minimizes the differences in amplification efficiencies between
phlD alleles, even though amplification efficiency was lower for

P. protegens CHA0 (phylogenetic group F). Optimization of real-time
PCR required a trade-off, as amplicon Tm for P. protegens CHA0 was
higher by more than 2 �C than those for the seven other phlDþ

pseudomonads tested. This was probably due to the higher GC
content of the phlD sequence in strain CHA0 (65.7% vs 59.2e62.7%
in the other strains), and is in accordance with the evolutionary
divide between P. protegens (previously ARDRA group 1; Keel et al.,
1996) and the ‘P. fluorescens’ species complex (Frapolli et al., 2007;
Ramette et al., 2011). Similar difficulties to amplify phlD (Mavrodi
et al., 2007) and phlA (first gene from the phl operon; Rezzonico
et al., 2003) in P. protegens have also been encountered when
using strain-specific primers, and similar trade-off conditions were
also necessary to develop a phlD DGGE protocol that could
accommodate phlDþ pseudomonads from both P. protegens and the
‘P. fluorescens’ complex (Frapolli et al., 2008, 2010).

The primer annealing step is critical for the amplification of GC-
rich templates, and final PCR conditions suitable for all phlDþ

pseudomonads were obtained here by simultaneously adjusting
annealing time, annealing temperature and DMSO concentration
(Mamedov et al., 2008), and by the addition of binding agent T4g32
protein (Jensen et al., 1976). Although amplification efficiencies
varied among strains they were all above the 80% threshold (Zhang
and Fang, 2006), and PCR optimization enabled to improve the
detection limit to 60 fg genomic DNA (i.e. approximately 8 phlD
copies; Table 2) for each strain, which is comparable to 10 times
lower than the limit of 60e600 fg (depending on strain) obtained
by Mavrodi et al. (2007).

When the optimized PCR protocol was tested in non-sterile bulk
soil (Fig. 2), the detection limit (4.1e4.3 log phlD copies g�1 soil for
the two strains tested) was slightly better than that obtained after
Pseudomonas enrichment (4.7 log cells g�1 soil) in phlD-DGGE but
much better than that of phlD-DGGEwithout prior enrichment (5e7
log cells g�1 soil depending on strain) (Frapolli et al., 2008). More-
over, amplification efficiencies comparable to those found with
genomicDNAwereobserved for both strains in both soils (Table 2). A
strong correlation was found between added CFU and quantified
phlD copies, with a mean difference of only 0.22 log (Figure S1).
Results from real-time PCR and colony counts for ‘P. fluorescens’
F113Rif in the tobacco rhizosphere were strongly correlated, but
real-time PCR results were on average 1.7 log higher (Fig. 3). This is

Fig. 2. Real-time PCR standard curves for P. protegens CHA0 and ‘P. fluorescens’ F113
inoculated in non-sterile bulk soils. Strains (CHA0 “D” or F113 “A”) were inoculated
singly at different CFU levels in soil from fields MS8 (- - -) or MC10 (d). Mean Ct values
from three replicates were used. Comparatively lower Ct values are observed for soil
MS8 due to the presence of high numbers of indigenous phlDþ Pseudomonas.
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probably due to the detection of DNA from non-culturable or dead
cells, even though DNA from non-culturable Pseudomonas cells is
not efficiently amplified (Rezzonico et al., 2003).

The number of rhizosphere phlDþ pseudomonads was quanti-
fied by real-time PCR in four Morens soils (Ramette et al., 2003;
Frapolli et al., 2010) of different suppressiveness status (which
were again confirmed here) to clarify whether soil suppressiveness
to black root rot of tobacco is linked to the former. Because in all
soils, real-time PCR showed that phlDþ pseudomonads were above
theminimum threshold of 104 cells per g of root necessary for black
root rot control (Stutz et al., 1986), it was unlikely that their
abundance would determine soil suppressiveness. Indeed, no
relation was found between soil suppressiveness level and the
number of phlDþ Pseudomonas with these four soils (Figure S3).

Furthermore, the conducive soil MC112 displayed both the highest
disease severity after pathogen inoculation and the highest number
of phlDþ pseudomonads colonizing tobacco roots and rhizosphere
(Fig. 4). This was not due to an enrichment of phlDþ pseudomonads
following necrosis-related leakage of organic root constituents
(McSpadden Gardener and Weller, 2001; Chapon et al., 2002) by
the more diseased plants in soil MC112, as numbers were already
higher inMC112 than inMS8 at 7 days after planting, i.e. before root
necrosis took place (Fig. 4). Besides, T. basicola inoculation had little
impact on phlþ Pseudomonas numbers (i.e. only a small decrease at
7 days on roots from soil MS8), and no correlationwas found overall
between real-time PCR levels of T. basicola and phlþ Pseudomonas
(data not shown). These findings are in accordance with T. basicola
infection not causing extensive root leakage (Hood and Shew,
1997). Higher numbers of phlDþ pseudomonads for soil MC112
were found in some but not all experiments done previously on
Morens soils (Frapolli et al., 2010). The current results, however,
clarify the hypothesis that black root rot suppressiveness of Morens
soils (unlike take all decline) does not entail higher populations of
root-associated phlþ pseudomonads, an assumption that so far was
only substantiated by colony counts (Ramette et al., 2003) and
MPN-PCR (Frapolli et al., 2010).

The genetic structure of the phlþ Pseudomonas subcommunity
cangreatlyaffect its plant-protecting ability (Becker et al., 2012), and
phlDDGGE on rhizosphere DNA showed that their genetic structure
did differ betweenMorens suppressive and conducive soils (Frapolli
et al., 2008). This difference was exploited here to confirm that our
real-time PCR method could target Pseudomonas strains from
different phlþ phylogenetic groups. Indeed, the three phylogenetic
groups A, B and D of DAPG producers already documented by phlD-
DGGE (Frapolli et al., 2010) were also detected by phlD-tRFLP, in all
four soils. In addition, phylogenetic group F, which had not been
found by Frapolli et al. (2008, 2010), was also detected here but only
in one sample (Table S2). Soil identity was not a major factor
structuring phlD-tRFLP profiles (Fig. 5), probably because the main
differences between the soils concern the allelic compositionwithin
phylogenetic groupA (Frapolli et al., 2008, 2010),which could not be
accessed in this work since phlD-tRFLP is not resolutive enough.
Interestingly, T. basicola inoculation had a stronger impact than soil

Fig. 3. Relationship between colony counts and phlD-based real-time PCR for quan-
tification of phlDþ strain ‘P. fluorescens’ F113Rif in the tobacco rhizosphere. Strain
F113Rif was inoculated on roots and its population was determined 1 (A) or 3 (C)
days after planting in soil MC10. Empty symbols indicate data points where the zero
value obtained for colony count was replaced by the detection limit of this method i.e.
3 log CFU per root system (Pearson’s r ¼ 0.90, P ¼ 5 � 10�7, n ¼ 18).

Fig. 4. Real-time PCR quantification of phlDþ Pseudomonas populations in tobacco roots and rhizosphere, based on the number of phlD copies detected per mg of extracted DNA, g of
root or root system. Tobacco plants were grown for 7 or 21 days in two suppressive (MS8 and MS16) and two conducive (MC10 and MC112) soils inoculated (gray bars) or non-
inoculated (white bars) with the pathogen T. basicola. Means and standard errors are shown for phlD copies per mg of extracted DNA (left), g of root (center) or root system (right).
Black dots indicate treatments where phlDþ pseudomonads were not detected and zero values were replaced by the detection limit. In each case, means were compared separately
for roots and rhizosphere samples. Within each sampling time, different letters above bars indicate a significant difference between treatments (P < 0.05).
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on phlD-tRFLP profiles; phylogenetic group A was present in all
MC10 samples, but for the other soils it was only detected in
T. basicola-inoculated plants at 21 days (Table S2). Along these lines,
Frapolli et al. (2010) found more phlD sequences from phylogenetic
group A (i.e. phlD cluster 5) with inoculated (15 sequences) than
with non-inoculated plants (6 sequences). Interestingly, when we
reassessed data obtained by Ramette et al. (2006), we observed
a trend for strains from phylogenetic group A to have a stronger
biocontrol effect on black root rot than strains from other groups in
vermiculitic gnotobiotic soil (mimicking Morens suppressive soils;
Student’s t-test, P ¼ 0.08) but not in illitic gnotobiotic soil
(mimickingMorens conducive soils; P¼ 0.35), suggesting a possible
relation between soil clay type and biocontrol activity for group-A

strains. This is consistent with the hypothesis that suppressiveness
to T. basicola-mediated black root-rot in Morens soils might entail
root conditions more favorable for expression of DAPG synthesis
ability by certain genotypes of phlþ Pseudomonas strains.

The presence of an indigenous T. basicola population in these
soils was evidenced by the detection of black root rot lesions and/or
T. basicola DNA with non-inoculated plants from all soil, in agree-
ment with Gasser and Défago (1981) who isolated only pathogenic
T. basicola spores both in suppressive and conducive soils from
Morens. Although inoculation of pathogenic T. basicola increased
plant disease level in three of the four soils, the amounts of
T. basicola DNA detected in the rhizosphere and roots were essen-
tially the same in all soils. The amount of pathogen DNA in plant
tissues may correlate with disease severity for certain shoot (Hogg
et al., 2007) and root pathogens (Ippolito et al., 2004), but it is not
always the case (Lievens et al., 2006). This is illustrated here by the
absence of correlation between average disease severity and
average pathogen level in roots. Perhaps PCR limitations, such as
the detection of DNA from dead mycelia (Lievens et al., 2006),
might also contribute to this lack of correlation.

Very few studies have targeted simultaneous monitoring of
pathogen and biocontrol populations (Johnson and Dileone, 1999;
Larkin and Fravel, 1999), and (to our knowledge) none of them in
the context of soil suppressiveness. Inoculated T. basicola could
colonize the tobacco rhizosphere in suppressive as well as in
conducive Morens soils, but caused disease symptoms mainly in
conducive soils. This suggests that suppressiveness to T. basicola-
mediated black root rot is not due to hindering of pathogen survival
and development in the rhizosphere, i.e. that it does not entail
pathogen inhibition. In this context, the absence of correlation
between T. basicola density in rhizosphere or roots and phlþ Pseu-
domonas numbers has two implications. First, it suggests that phlþ

pseudomonads act mainly by reducing root penetration in
suppressive soils. This could involve activation of ISR pathways in
the plant (Maurhofer et al., 1994; Weller et al., 2012), as DAPG itself
can induce such a response (Iavicoli et al., 2003), all the more as
certain phlþ pseudomonads behave also as root endophytes (Troxler
et al., 1997). This possibility is also raised because direct contact
between P. protegens CHA0 and T. basicola on tobacco roots did not
affect physical integrity of the fungal hyphae (Troxler et al., 1997).
Second, this lack of correlation also suggests that the fungal path-
ogendoesnot interfere significantlywithphlþ Pseudomonasecology,
unlike in other pathosystems (Fedi et al., 1997; Duffy et al., 2003).

In conclusion, a phlD-based real-time PCR method was devel-
oped to quantify genetically contrasted phlþ Pseudomonas pop-
ulations in a single assay, and this new method will be useful to
monitor phlþ pseudomonads in various soil conditions. It was used
here to show that suppressiveness to Thielaviopsis black root rot in
Morens soils doesnot require (i) levels ofphlþpseudomonadshigher
than those in conducive soils or (ii) T. basicola inhibition in the
rhizosphere. Results also point to the hypothesis that rhizosphere
conditions are more favorable for DAPG synthesis in suppressive
than in conducive soils, and further work will target this issue.
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Fig. 5. Dendogram based on phlD-tRFLP profiles obtained from tobacco roots grown in
two suppressive (MS8 andMS16) and two conducive (MC112 andMC10) soils. T. basicola
inoculated (I) and non-inoculated (N) plants were harvested 7 (7D) or 21 (21D) days
after planting and two plants per treatment were analyzed (results pooled). Cluster
analysis was based on Euclidean distances and constructedwith the “complete”method
in R environment. The “Height” axis represents the distances between nodes.

Fig. 6. Real-time PCR quantification of T. basicola in tobacco roots and rhizosphere in
Morens soils. Tobacco plants were grown for 7 or 21 days in two suppressive (MS8 and
MS16) and two conducive (MC10 and MC112) soils inoculated (gray bars) or non-
inoculated (white bars) with the pathogen T. basicola. Data shown are means and
standard errors. Means were compared separately for roots and rhizosphere samples.
Within each sampling time, different letters above bars indicate a significant difference
between treatments (P < 0.05). Black dots indicate treatments where T. basicola DNA
was not detected and zero value were replaced by the detection limit.
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Appendix A

Appendix B. Supplementary material

Supplementary material associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.soilbio.
2012.09.003.
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Primer
Tm

a (�C)
Secondary
structures

DTm
b (�C) Product

size (bp)
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Specific real-time amplification of phlDd

Strain genomic DNA Rhizosphere DNA
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a Primer melting temperature (Tm) and secondary structures were determined using Oligo 6 (Molecular Biology Insights, West Cascade, CO) and the nearest-neighbor
method (Saitou and Nei, 1987).

b Tm difference between primers.
c Maximum number of mismatches between each primer and the 334 phlD sequences available on February 2012 in the nr Nucleotide Sequence Database.
d The ability of the primers to specifically amplify phlD from genomic DNA samples (using 6 ng of genomic DNA from eight phlDþ strains indicated in Fig. 1) or a complex

environmental DNA sample (using 6 ng of rhizosphere DNA from 21-days tobacco grown in soil MS8) was assessed by real-time PCR.
e Primer pair B2BF/BPR4 (McSpadden Gardener et al., 2001) was discarded because of high Tm difference and high product size.
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Table S2
Mean frequencies of the phylogenetic groups AeF of phlþ pseudomonads (defined in
Frapolli et al., 2007) detected by phlD-tRFLP in root and rhizosphere samples from
T. basicola-inoculated (I) and non-inoculated (N) plants (2 per treatment) grown in
the four soils for 7 (7D) or 21 days (21D).

Phylogenetic
groupa and
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A
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B
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C
(73 bp)

D
(142 bp)

E
(212 bp)

F
(229 bp)

Root samples
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Rhizosphere samples
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F to cluster 9.

b No phlD amplicon obtained in this treatment.
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