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Abstract

The increasing atmospheric CO, content (pCO,) is likely to modify the ecosystem functioning including rhizosphere bacteria that are directly
dependent on rhizodeposition. This may include alteration of Pseudomonas populations that display phenotypic traits in relation with plant fitness.
In the present study, 1228 Pseudomonas strains were isolated from the non-rhizosphere soil, rhizosphere soil and root fractions of perennial
grassland systems: Lolium perenne and Molinia coerulea. Both plants were grown under ambient (36 Pa) and elevated (60 Pa) pCO, in the Swiss
Free Air CO, Enrichment (FACE) system. Pseudomonas spp. were tested for their ability to produce auxin, siderophores and hydrogen cyanide,
and to dissimilate nitrate. No effect of root proximity and elevated pCO, was observed on the proportions of auxin producers. For L. perenne and
M. coerulea, siderophore and hydrogen cyanide Pseudomonas producers were stimulated in the root fraction. In contrast lower frequencies of
nitrate reducers were observed in the root fraction compared to non-rhizosphere soil. The frequencies of siderophore producers and nitrate
dissimilating strains were higher, and those of hydrogen cyanide producers lower, under elevated pCO, for L. perenne. This alteration of the
phenotypic structure of Pseudomonas guild in the root fraction is discussed in relation with the physico-biochemical modifications of the
rhizosphere condition via rhizodeposition and environmental changes occurring under elevated pCO,.
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1. Introduction growth and activities of soil microbiota feeding on plant-
derived C sources (Weihong et al., 2000). Due to their
metabolic versatility and high growth rate, bacteria belonging
to the genus Pseudomonas are well adapted to colonizing the
rhizosphere (Lemanceau et al., 1995; Lugtenberg and Dekkers,
1999; Rainey, 1999). Because of their competitivity for

Since the beginning of the industrial revolution, atmos-
pheric CO, content (pCO,) has been increasing significantly,
changing the global climate and ecosystem functioning
(Fuhrer, 2003). For example, the rate of net photosynthesis
(Isopp et al., 2000) and C allocation to r90t§ (Suter et al., 2902) nutrients and for suitable niches on the root surface, they are
are enhanced under elevated pCO,. A significant part of this C able to respond rapidly to environmental modifications (Glick,

is released by plants roots (rhizodeposition) into the rhizo- 1995; Sgrensen et al., 2001: Stres et al., 2004). Indeed, the
sphere, the region of soil in close proximity and under the

influence of living plant roots (Lynch and Whipps, 1990). In
the case of meadow plants, up to 30-50% of total assimilated
carbon can be translocated to the soil (Kuzyakov, 2001; Gobat
et al., 2004). Consequently, plants modify their surrounding

dominance of 16S rDNA clones affiliated to the genus
Pseudomonas was shown to increase in the rhizosphere of
perennial ryegrass after 3 years under elevated pCO, (Marilley
etal., 1999). Moreover, numerous Pseudomonas strains display
plant growth promoting activities. Plant growth promoting
soil and play a major role in regulating the rhizosphere  hi;sobacteria can act either directly (e.g. by enhancement of
microflora (Lynch and Whipps, 1990; Lemanceau et al., 1995, plant nutrient uptake or by production of phytohormones) or
Paterson, 2003). Under elevated pCO,, the C flow into the S0il jndirectly (e.g. by biological control of root pathogens and
increases (Darrah, 1996; Suter et al., 2002), and its composition alteration of microbial populations balance) (Glick, 1995).

may be altered (Hodge et al., 1998). This might stimulate the During the last decade, the effect of increases in pCO, on
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populations for plants grown under elevated pCO, have been
described using both metabolic (Grayston et al., 1998; Hodge
et al., 1998) and molecular approaches (Griffiths et al., 1998;
Kandeler et al., 1998; Marilley et al., 1999; Montealegre et al.,
2002). However, relatively little is known about the stimulation
or repression by elevated pCO, of bacterial activities that
interfere with plant fitness. In this study we investigated some
well-known Pseudomonas activities involved in plant-bacteria
interactions: (i) NOj3 dissimilation, an anaerobic respiratory
process during which NO73 is reduced (Ghiglione et al., 2000)
and can therefore become unavailable for plant nutrition; (ii)
production of auxin (IAA), an hormone involved in root
elongation (Glick, 1995; Persello-Cartieaux et al., 2003); (iii)
production of hydrogen cyanide (HCN) (Castric, 1977; Blumer
and Haas, 2000) a secondary metabolite which can inhibit the
growth of rhizosphere inhabiting bacteria and fungi, and
sometime interfere with root growth (Bakker and Schippers,
1987); and (iv) production of siderophores, organic ligands that
complex iron, providing a competitive advantage to producing
organisms in the rhizosphere, an oxygen- and iron-depleted
environment (Lugtenberg and Dekkers, 1999). We hypoth-
esized that environmental modifications induced by elevated
pCOs, in the rhizosphere via the plant could alter the structure
of Pseudomonas populations with particular traits related to
plant fitness. Two perennial grasses with different trophic
requirements (Vazquez de Aldana and Berendse, 1997) were
used: the oligonitrophilic Molinia coerulea, and the nitrophilic
Lolium perenne. Culturable Pseudomonas strains were isolated
during two growing seasons and tested for their ability to
produce auxin, siderophore and hydrogen cyanide and to
dissimilate nitrate.

2. Materials and methods
2.1. Study site and plant material

L. perenne and M. coerulea were grown under ambient
(36 Pa, control plots) and elevated pCO, (60 Pa, treated plots)
in the Free Air CO, Enrichment (FACE) facility, Eschikon,
Switzerland (Hebeisen et al., 1997). The treated plots were
enriched with CO, during daylight between March and
December. L. perenne cv Bastion was grown as a monoculture
on three control and three CO,-treated replicate plots since
May 1993. The plants were cultivated in the local auto-
chthonous fertile, Eutric Cambisol soil. Shoots were harvested
four times a year. The control and treated plots received
14gm *year ' N as NH,NO; (at the beginning of the
season, and then after each cut, except the last). M. coerulea
plants originated from a littoral meadow located at the southern
shore of Lake Neuchatel (Cudrefin, Switzerland). The local soil
is a Gleysol, typic Haplaquoll with low N content (Hamelin
et al., 2002). Plants with undisturbed root systems were taken
with their surrounding and underlying soil and transferred to
the FACE facility in September 1999. About 0.7 m? of littoral
meadow with reconstructed soil profile below the root horizon
(total depth: 35 cm) was installed in one control plot and one

CO,-treated plot. M. coerulea plants were neither cut nor
fertilized.

2.2. Sampling plan

For L. perenne, the three replicates for both control and
treated plots were sampled in June, July, and October 2000, as
well as in July and December 2001. During the growth season,
sampling of L. perenne was always performed before a cut in
order to avoid the effect of cutting on plant N demand (Daepp
et al., 2000). For M. coerulea, both the control and the treated
plots were sampled in June 2000, then in July and December
2001. From each sampled plot, three soil cores (about 3 cm
diameter, 10-12 cm depth), including dense root systems, were
taken and pooled for analysis. The soil were sampled and
analysed the same day and three fractions were recovered: non-
rhizosphere soil (NRS) for soil devoid of roots (corresponds to
soil which comes off the roots after shaking: it is probably
influenced by roots in the case of grassland that display dense
root systems, but to a lesser extent than other fractions);
rhizosphere soil (RS) for root-adhering soil (recovered by
washing the roots with its adhering soil twice in 20 ml sodium
phosphate buffer 0.1 M, pH 7.0 (SPB) under agitation during
30 min), and rhizoplane—endorhizosphere (RE) for thoroughly
SPB washed roots. For M. coerulea, as the rhizosphere fraction
was not easy to recover, only the two fractions NRS and RE
were analysed.

2.3. Pseudomonas counts and isolation

Counting and isolation of Pseudomonas strains was
performed as previously described (Tarnawski et al., 2003).
Briefly, approximately 1 g of fresh weight root or soil was
crushed in 10 ml SPB. The root and soil suspensions were ten-
fold serially diluted in SPB and spread on mS1 medium, which
is selective for Pseudomonas (Tarnawski et al., 2003). Colony
forming units (CFU) were determined after 72 h of incubation
at 24 °C. Twenty (June 2000), 12 (July, October 2000 and July
2001), and 15 bacterial colonies (December 2001) were
randomly picked from appropriate dilution plates (between
20 and 200 colonies per Petri dish) and checked for purity on
10-fold diluted Tryptic Soy Agar (Difco). The affiliation of
mS1 isolates to the genus Pseudomonas was ensured by
hybridisation with PSMg probe (Marilley et al., 1999). This
method was previously applied to screen soil Pseudomonas
from M. coerulea (Locatelli et al., 2002).

2.4. Auxin production assay

For the indole-3-acetic acid (IAA) production assay, fresh
cultures were inoculated in Nuclon microtitre plates (Nagel
Nunc International, NY, USA) containing 100 pl Angle liquid
medium per well (Angle et al., 1991) supplemented with
L-tryptophan (final concentration 5 mM), a metabolic precursor
of auxin (Bric et al., 1991). After incubation for 72 h at 24 °C in
the dark, the supernatant of each culture was transferred to a
new microtitre plate. The presence of IAA in the supernatant



was detected by a colorimetric technique specific for the
detection of indolic compounds (Bric et al., 1991; Glickmann
and Dessaux, 1995). Hundred microliter of Salkowski reagent
(2% 0.5 M FeCl; in 35% perchloric acid) were added to each
well, and the absorbance at 550 nm was measured after 30 min
at room temperature. The accuracy of the test was checked by
including on each plate the IAA-producing Pseudomonas
fluorescens strain CHAQ and the non-producing P. fluorescens
strain ATCC 17400 as controls. Addition of the Salkowski
reagent result in a faint pink coloration when auxin compounds
are produced in the medium, and no visually detectable colour
reaction is produced with non-auxin-producing strains. Strains
positive for auxin production were noted iaa +.

2.5. Siderophores production assay

The ability of Pseudomonas strains to synthesize and
excrete siderophores when grown under Fe®*-limiting con-
ditions was evaluated during a plate assay, as described by
Schwyn and Neilands (1987). Fresh cultures were plated onto
blue-agar CAS plates, using Angle medium (Angle et al.,
1991), buffered with 0.1 M piperazin-1,4-bisethanesulfonic
acid (PIPES) (Acros Organics, Geel, Belgium) and containing
10 uM FeClj; (Fluka, Buchs, Switzerland) complexed to 10 uM
chrome azurol S (CAS, Fluka) in the presence of 0.2 mM
hexadecyltrimethylammonium bromide (HDTMA, Merck AG,
Dietikon, Switzerland). When the Fe3™ is removed from the
chrome azurol S complex by high-affinity siderophores, its
colour changes from blue to orange. The occurrence of orange
halos around colonies was determined after 48 h at 24 °C and
strains were noted sid+ when positive. Pseudomonas
fluorescens strains CHAO and Enterococcus cloacae
strain NEU 1027 (bacterial strain collection, University of
Neuchatel) were used as positive and as negative references,
respectively.

2.6. Hydrogen cyanide production assay

Each Pseudomonas strain was tested for the production of
hydrogen cyanide (HCN) as described by Castric and Castric
(1983) in 96 wells Nuclon microtitre trays. Each well was filled
with 100 pl of a synthetic medium (Castric, 1977) consisted in
(final concentrations): L-glutamate (20 mM), glycine
(12.5 mM), br-methionine (5 mM), K,HPO, (5 mM),
NaH,PO, (5§ mM), MgSO, (2 mM), ferric citrate (0.02 mM),
tris(hydroxymethyl)aminomethane (50 mM), and 13 g1~
agar. Glutamate, glycine and methionine were added as
precursors of hydrogen cyanide (Castric, 1983). The pH of
the medium was adjusted to 7.5. Wells were inoculated and
covered with an indicator paper consisting of Whatman 3MM
paper (Amersham Pharmacia Biotech, Buckinghamshire,
England) soaked in 5mgml~ "' copper(Il)ethylacetoacetate
(Strem chemicals, Newburyport, MA) and 5 mg ml™! 4.4-
methylenebis-N, N-dimethylaniline (Fluka) in chloroform, and
air-dried. Production of cyanide caused the indicator on the
paper to turn blue. Pseudomonas fluorescens strains CHAO and
Enterococcus cloacae strain NEU 1027 were used as positive

and negative references, respectively. After 48 h at 24 °C,
strains positive for hydrogen cyanide production were noted
hen—+.

2.7. Nitrate reduction assay

Nitrate-dissimilative activity was tested as described by
Roussel-Delif et al. (2005). Briefly each strain was
cultivated in tubes containing 6 ml Nutrient Broth (devoid
of fermentable substrate) (Merck) supplemented with 2 g1~
KNO;. A small inverted Durham tube was added to each
tube in order to detect gas formation. The cultures were
incubated for 7 days at 24 °C. The presence of nitrate and
nitrite in tubes after incubation was evaluated using standard
Griess reagent A (sulfanilic acid 0.8% w/v), reagent B (N,N
dimethyl-1-naphthylamine 0.6% v/v) and powdered zinc to
reduce the remaining nitrate to nitrite. Strains that were able
to reduce nitrate, were noted nr+ and included strains
reducing nitrate to nitrite or to gaseous compounds (putative
denitrifiers).

2.8. Statistical analysis

iaa+, sid+, hen+ and nr+ frequencies were compared
between Pseudomonas populations from L. perenne and M.
coerulea using Khi-2 test analysis. The frequencies of iaa +,
sid+, hcn+ and nr+ strains were analysed using a
generalised linear model (glm) with a logistic regression
model. This analysis was used to compute the probabilities
corresponding to the effects of the descriptors: pCO, treatment,
fractions, sampling dates, and plots, on the frequencies of
iaa+, sid+, hen+ and nr+ strains (i.e. glm analysis can show
whether the variability of a frequency is significantly explained
by one or more descriptors). The probability that the iaa—+,
sid+, hen+ and nr+ Pseudomonas frequencies are different
between fractions for each pCO, conditions or between pCO,
conditions for a given fraction was computed using multiple
comparison tests. Tukey multiple comparison test (for
L. perenne data) or Fisher LSD exact test (for M. coerulea
data) were used. Data were analyzed after grouping the
different sampling dates and plots, taking into account the
variability due to the sampling dates and plots evidenced by
glm analysis. For all statistical analyses, the null hypothesis
(similar frequencies) was rejected and the observed differences
were considered as either significant for P <0.05 or highly
significant for P <0.01. The tests were performed using S-plus
6 Statistical Software (Insightful Corporation, Seattle,
Washington).

Links between characters were displayed using an uncon-
strained ordination method: Correspondence analysis (CA) was
used to plot the four iaa+, sid+, hen+ and nr+ characters
regarding the proportions of the combined 16 possible
phenotypes among the isolated Pseudomonas strains. Calcu-
lations were done with R 1.9.1 (R Development Core Team,
2004).



3. Results
3.1. Pseudomonas population density

Pseudomonas densities in the rhizosphere of L. perenne and
M. coerulea grown under both ambient and elevated pCO,
were assessed by CFU counting on the Pseudomonas-selective
mS1 medium. Pseudomonas densities were highly variable and
no consistent trend was observed regarding the influence of
sampling date (data not shown), root proximity, or pCO,
treatment (Fig. 1). After checking their affiliation, 1228
Pseudomonas isolates were analysed for the four phenotypic
characters: siderophore (sid+), hydrogen cyanide (hcn+),
auxin (iaa +) production and nitrate dissimilation (nr+). The
frequencies of sid+, hcn+, iaa+ and nr+ strains were
compared regarding the fraction they originated (soil, NRS;
rhizosphere soil, RS; and root, RE) and the pCO, conditions
(36 vs. 60 Pa) (Fig. 2).

3.2. Frequency of auxin producers

Twenty seven percent of the strains associated with
L. perenne and 25% of the strains associated with M. coerulea
were iaa+ (P=0.63). For both plants species, global glm
analysis allowed only a significant effect of sampling date on
iaa+ frequencies to be detected (P <0.001, data not shown).
No significant effect of soil fraction or pCO, condition on
auxin production was observed (Fig. 2).

3.3. Frequency of siderophore producers

Of the Pseudomonas strains associated with L. perenne 70%
were sid+ compared to only 44% for M. coerulea (P <0.001).
For L. perenne, the frequencies of sid+ strains were
different according to the sampling date (P<0.01),

the soil/root fraction sampled (P<0.001), and the pCO,
condition (P <0.001). Higher sid+ frequencies were retrieved
in root (RE) compared to soil (RS and NRS) fractions for both
ambient and elevated pCO, (Fig. 2). These frequencies
increased significantly from RS to RE fractions by 17 and
22% under ambient and elevated pCO,, respectively. More-
over, sid+ frequencies were significantly higher under
elevated pCO, compared to ambient pCO, (+16 and +8%
for NRS and RE fractions, respectively, Fig. 2). For
M. coerulea, the sid+ frequencies varied according to the
root/soil fraction sampled (P <0.01) and the pCO, conditions
(P <0.05). In contrast with the results obtained for L. perenne,
sid+ frequencies were significantly lower under elevated than
under ambient pCO, for the NRS fraction (Fig. 2). Finally, as
for L. perenne, higher frequencies of sid+ strains were
retrieved in RE (53%) compared to NRS (20%) under elevated
pCO, only (P<0.001).

3.4. Frequency of hydrogen cyanide producers

Of the Pseudomonas strains isolated from L. perenne and
M. coerulea 23 and 29%, respectively, were hen+ (P=0.06).
The frequencies of hcn+ Pseudomonas differed according to
plots (P<0.05), to sampling dates (P<0.01), and to root
proximity (P<0.001). For both plants and pCO, conditions,
significantly higher proportions of Acn+ were retrieved in root
compared to soil fractions, hicn+ frequencies being similar for
L. perenne in RS and NRS fractions. From NRS to RE
fractions, significantly higher frequencies (+42 and + 18% for
L. perenne and +41 and +49% for M. coerulea) were
observed for ambient and elevated pCO,, respectively (Fig. 2).

Regarding the influence of pCO,, hcn+ frequencies were
20% lower in RE fraction for L. perenne (P<0.001) grown
under elevated pCO,, and tended to be higher under elevated
pCO, for M. coerulea (P <0.05 in June 2000).
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Fig. 1. Variation of colony forming units (CFU) per gram of dry weight counted on mS1 Pseudomonas selective medium for NRS, non-rhizosphere soil; RS,
rhizosphere soil; RE, root fraction; from data of the 5 and 3 sampling dates for Lolium perenne and Molinia coerulea, respectively. Dash line indicates the mean; full
line indicates the median; each box represents dispersion of the values between 25 and 75 percentiles; circle indicates outlier points.
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Fig. 2. Frequencies (number of positive strains among total tested strains) of auxin (iaa+), siderophore (sid+) hydrogen cyanide (hcn+) producing and nitrate
reducing strains (nr+) associated with L. perenne and M. coerulea under ambient (36 Pa) and elevated (60 Pa) pCO, growing conditions; result for 5 (L. perenne)
and 3 (M. coerulea) sampling dates. NRS, non-rhizosphere soil; RS, rhizosphere soil; and RE, root fraction; A, B, statistical differences between pCO, conditions
within a fraction; a, b, c, statistical differences between fractions within a pCO, condition. Similar values are not indicated. Number of strains tested for L. perenne:
n=2369 for NRS, n=287 for RS, and n=291 for RE. Number of strains tested for M. coerulea: n=136 for NRS, n=145 for RE.

3.5. Frequency of nitrate-dissimilating pseudomonas

The data related to nitrate-dissimilating Pseudomonas were
detailed in Roussel-Delif et al. (2005), and are summarised in

Fig. 2. In general, 52% of Pseudomonas strains from L. perenne
plots were able to reduce nitrate, compared to 32% from
M. coerulea (P<0.001). For L. perenne, the frequencies of
nr—+ Pseudomonas differed according to the fraction sampled
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Fig. 3. Correspondence analysis (CA) based on the physiological test iaa+, sid+, hen+ and nr+ data. The four characters (triangles) were plotted according to the
proportions of the 16 different phenotypes (circles) obtained by testing 1080 strains isolated from Lolium perenne and Molinia coerulea. The phenotype notation
used is: I/i, for iaa+/iaa—; S/s, for sid+/sid—; H/h, for hcn+/hcn—; N/n, for nr+/nr— . Numbers of strains within phenotypes were indicated between brackets,
and circle size is proportional to this number. Total inertia of the matrix was 0.7817. Opposite direction of triangles, according to the origin of the graph,

corresponded to negatively linked characters.

(P<0.001), the pCO, content (P <0.01), the plots (P <0.001)
and the sampling dates (P <0.001). For ambient and elevated
pCO,, significantly higher proportions of nr+ were retrieved in
the soil fraction (NRS) compared to the root fraction (RS and RE)
(Fig. 2), nr+ proportions being similar in RS and RE fractions
under elevated pCO,. The pCO, influence was observed only in
RE fractions (higher nr+ frequencies under elevated pCO,). For
M. coerulea, proportions of nr+ Pseudomonas were neither
significantly influenced by elevated pCO, nor by root proximity.

3.6. Link between phenotypic characters

The link between iaa+, sid+, hcn+ and nr+ phenotypic
traits in Pseudomonas strains is shown by the correspondence
analysis presented in Fig. 3. The nr+ and hcn+ traits were
negatively related and the (hcn+ nr+) phenotype was present
only in 4.3% of the tested strains. The opposite effect between
nr+ and hcn + isdisplayed along the CA1 axis which account for
42.8%. The iaa+ trait behaved independently from the nr+ and
hen+ traits.

4. Discussion
4.1. Response of pseudomonas populations to elevated pCO,
Culturable Pseudomonas associated with the soil and the

rhizosphere of L. perenne and M. coerulea grown under
ambient and elevated pCO, content were investigated.

Pseudomonas densities were not consistently influenced by
pCO, treatment after 8 years of exposure to elevated CO,
concentrations (Fig. 1). In contrast, with a cloning sequencing
approach, Marilley et al. (1999) showed a stimulation of
Pseudomonas in the rhizosphere of L. perenne after 3 years of
elevated pCO,. Such a difference could be explained by their
different methodological approach (molecular vs. cultural). A
possible resilience of Pseudomonas populations during long-
term pCO, enrichment may also be possible. There is a lack of
information on microbial responses to CO,-induced changes in
natural mature ecosystems, as most of the published results
have been obtained from short-term studies or from investi-
gations using high-nutrient conditions (Hu et al., 1999).

A total of 1228 isolated strains were tested in vitro for their
potential ability to produce auxin (iaa+), hydrogen cyanide
(hen+), siderophore (sid+) and to dissimilate nitrate (nr—+).
The results do not presume the actual in situ activity in the
rhizosphere, but give insight about the potential functionality
of Pseudomonas spp. in the rhizosphere. Gross results showed
that elevated pCO, influenced the phenotypic structure (sid+,
hen+, and nr+ frequencies) of Pseudomonas associated
mainly with the root fraction of L. perenne.

4.2. Elevated pCO; did not influenced IAA producing
pseudomonas

TAA production is a widespread trait among rhizobacteria
(Forlani et al., 1995; Persello-Cartieaux et al., 2003). Bacterial



synthesis of IAA in the rhizosphere may affect the development
of root system either positively (production of root hairs and
lateral roots) at very low concentrations (Arshad and
Frankenberg, 1991) or negatively at higher concentrations.
For the plant, it can result in an increase of ion uptake
(Persello-Cartieaux et al., 2003). A stimulation of root hair and
lateral root production would be all the more important under
elevated pCO, where plants need more nutrients for their
increased growth (Daepp et al., 2000). In return, the advantage
for root-associated bacteria would be the access to a rich supply
of nutrients due to rhizodeposition (Patten and Glick, 2002). Of
the Pseudomonas isolates 25% were auxin producers whatever
the sampling date (data not shown), soil fraction, or the pCO,
content for both soil-plant systems. Other studies have shown
that the auxin producing strain frequencies were influenced by
root proximity (Lebuhn et al., 1997) and sampling season
(Halda-Alija, 2003). Nevertheless additional information about
the level of auxin production by individual strains could also be
important (Khalid et al., 2004) as it may reveal differences in
potential auxin level that cannot be reflected by iaa-+
frequencies.

4.3. Siderophore producing pseudomonas responded differ-
ently to elevated pCO; for L. perenne and M. coerulea

Siderophore production confers a competitive advantage in
rhizosphere competence and root colonization (Lugtenberg and
Dekkers, 1999). The ecological significance of siderophore
production by Pseudomonas strains in root colonization and
plant growth promotion but also in phyto-pathogenesis is well
documented (Kloepper et al., 1980; O’Sullivan and O’Gara,
1992; Glick, 1995; Lugtenberg and Dekkers, 1999; Rainey,
1999; Sgrensen et al., 2001). In the rhizosphere, a generally
carbon rich and iron limited environment, production of
siderophores that complex Fe®™ may result in growth
inhibition of other microorganisms whose affinity for iron is
lower (Elad and Baker, 1985; Lemanceau et al., 1993).
Competition for iron would be strengthened under elevated
pCO, condition because of the higher carbon input into the soil
and the mineral limitation due to increased plant growth. In our
experiment, both perennial grassland systems responded
differently to the pCO, increase regarding the frequency
of siderophore producing Pseudomonas (decrease for
M. coerulea, increase for L. perenne). However, for both
plant species, the siderophore producing Pseudomonas
populations benefited generally from the root influence.

4.4. HCN producing pseudomonas were mainly influenced by
root proximity

HCN is a potent inhibitor of cytochrome ¢ oxidase and of
several other metalloenzymes. No role is known for HCN in
primary bacterial metabolism, and it is generally considered as
a secondary metabolite (Blumer and Haas, 2000). HCN
producing bacteria can help plants in their defence against
fungal pathogens (Voisard et al., 1989; Blumer and Haas,
2000). This property was predominantly described among

Pseudomonas strains (Kremer and Souissi, et al., 2001). In the
present study, about 50% of root associated Pseudomonas
isolates were potential HCN producers for both L. perenne and
M. coerulea, as previously shown in the potato and wheat
rhizosphere (Bakker and Schippers, 1987). These frequencies
were higher in root compared to soil fractions for both plants
(Fig. 2). The physico-chemical conditions prevailing in the
rhizosphere could explain this stimulation of HCN producing
bacteria. Indeed, Castric (1983) showed that the bacterial
ability to produce hydrogen cyanide was enhanced under
microoxic conditions. Oxygen consumption by roots and
respiration of rhizosphere microbial populations creates a
decreasing gradient of oxygen from the soil to the root
(Hgjberg et al., 1999). This might provide favourable
conditions for HCN producing bacteria, as shown in this study.

4.5. Root proximity and elevated pCO, influenced nitrate
dissimilating pseudomonas

Denitrification is an anaerobic nitrate respiration process in
soil environments (Gamble et al., 1977). The ability to use
nitrate as an alternative electron acceptor could be a competitive
advantage for bacteria in the rhizosphere where carbon sources
are abundant and oxygen pressure is low (Ghiglione et al.,
2000). However, our results showed lower frequencies of nitrate
dissimilating Pseudomonas in the root compared to soil
fractions for both plants (Roussel-Delif et al., 2005). This result
contrasts with those of several studies showing that nitrate-
dissimilating heterotrophic bacteria (e.g. Linne von Berg and
Bothe, 1992), which includes Pseudomonas (Clays-Josserand et
al., 1999), were more frequently detected in root-associated
habitats than in non-rhizosphere soil. In the two plant—soil
systems studied nitrogen availability was clearly limiting (L.
perenne cultivated with a low N supply and M. coerulea
growing on its native oligotrophic soil; Daepp et al., 2000;
Hamelin et al., 2002). A low availability of nitrate could explain
the lower proportions of nitrate-dissimilating strains in root-
associated fractions, where N depletion is increased by plant
uptake (Fromin et al., 2005).

4.6. Rhizosphere environment under elevated pCO, altered
pseudomonas populations

Hydrogen cyanide production and nitrate reduction are two
physiological activities which are energetically dependent on
the availability of organic carbon sources and low oxygen
pressure; i.e. conditions which commonly prevail in the
rhizosphere. Interestingly, the frequencies of hydrogen cyanide
producers and nitrate reducers responded differently to root
proximity (increase for hcn+ and decrease for nr+, Fig. 2).
Correspondence analysis investigating the statistical link
between these two characters confirmed that nr+ strains
were generally not hcn+. These results suggest that
phenotypically different Pseudomonas guilds inhabited soil
and root environments, and that nr+ and hcn+ characters may
be involved in selection or counter-selection of Pseudomonas
strains in the rhizosphere.



Root respiration and rhizodeposition (consisting mostly of
low molecular weight organic carbon compounds, Darrah,
1996) increased under elevated pCO, for L. perenne (Suter
et al., 2002). Oxygen limitation as well as an increased
availability in organic carbon can be expected to occur near the
roots and under elevated pCO,. Consequently, we expected
both nitrate reducing and HCN producing bacteria to be
favoured under elevated pCO,. This was the case for nitrate
reducing Pseudomonas, which were generally more frequent
under elevated pCO, for both plants (see also Roussel-Delif
et al., 2005). However the hcn+ frequencies were lower under
elevated pCO, in the root fraction for L. perenne. The
significance of this result is unclear, but it could indicate an
alteration of rhizodeposit composition under elevated pCO,
(Hodge et al., 1998; Darrah, 1996), as the type of amino-acid
present can influence the HCN biosynthesis (Castric, 1983).

4.7. Conclusions

This study showed that Pseudomonas associated with
different plant/soil systems may respond differently to elevated
pCO,. This differential response could be explained by the
contrasting ecology of the two plants used as models in this
study (Vazquez de Aldana and Berendse, 1997) or by the
different exposure time to elevated pCO, (2-3 years for
M. coerulea and 7-8 years for L. perenne). As pCO, influence
was mostly visible for L. perenne associated Pseudomonas, a
possible long-term selection of the best adapted strains to the
plant rhizosphere under raising pCO, could be evoked. We
hypothesize that this modification of Pseudomonas guilds
under elevated pCO, will exert a feedback effect on plant
fitness.

Acknowledgements

This work was supported by the Swiss National Science
Foundation. We are also grateful to the Swiss National Centre
of Competence in Research (NCCR) ‘Plant Survival’. We
thank Laurent Philippot for nitrate dissimilation data analyses,
Marie-Laure Heusler and Vanessa di Marzo for technical
assistance, and Dr Jacqueline Moret and Dr Francgois Gillet for
statistical analyses.

References

Angle, 1.S., McGrath, S.P., Chaney, R.L., 1991. New culture medium
containing ionic concentrations of nutrients similar to concentrations
found in the soil solution. Applied and Environmental Microbiology 57,
3674-3676.

Arshad, M., Frankenberg, W.T., 1991. Microbial production of plant hormones.
Plant and Soil 133, 1-8.

Bakker, A.W., Schippers, B., 1987. Microbial cyanide production in the
rhizosphere in relation to potato yield reduction and Pseudomonas spp.
mediated plant growth-stimulation. Soil Biology and Biochemistry 19,
451-457.

Blumer, C., Haas, D., 2000. Mechanism, regulation, and ecological role of
bacterial cyanide biosynthesis. Archives of Microbiology 173, 170-177.

Bric, J.M., Bostock, R.M., Silverstone, S.E., 1991. Rapid in situ assay for
indoleacetic acid production by bacteria immobilized on a nitrocellulose
membrane. Applied and Environmental Microbiology 57, 535-538.

Castric, P.A., 1977. Glycine metabolism by Pseudomonas aeruginosa:
hydrogen cyanide biosynthesis. Journal of Bacteriology 130, 826-831.

Castric, P.A., 1983. Hydrogen cyanide production by Pseudomonas aeruginosa
at reduced oxygen levels. Canadian Journal of Microbiology 29,
1344-1349.

Castric, K.F., Castric, P.A., 1983. Method for rapid detection of cyanogenic
bacteria. Applied and Environmental Microbiology 45, 701-702.

Clays-Josserand, A., Ghiglione, J.F., Philippot, L., Lemanceau, P., Lensi, R.,
1999. Effect of soil type and plant species on the fluorescent pseudomonads
nitrate dissimilating community. Plant and Soil 209, 275-282.

Daepp, M., Suter, D., Almeida, J.P.F., Isopp, H., Hartwig, U.A., Frehner, M.,
Blum, H., Nosberger, J., Liischer, A., 2000. Yield response of Lolium
perenne swards to free air CO, enrichment increased over six in a high N
input system on fertile soil. Global Change Biology 6, 805-816.

Darrah, P.R., 1996. Rhizodeposition under ambient and elevated CO, levels.
Plant and Soil 187, 265-276.

Elad, Y., Baker, R., 1985. The role of competition for iron and carbon in
suppression of chlamydospore germination of Fusarium oxysporum by
Pseudomonas spp. Phytopathology 75, 1053—-1059.

Forlani, G., Pastorelli, R., Branzoni, M., Favilli, F., 1995. Root colonization
efficiency, plant growth promoting activity and potentially related
properties in plant associated bacteria. Journal of Genetics and Breeding
49, 343-352.

Fromin, N., Tarnawski, S., Roussel-Delif, L., Hamelin, J., Baggs, E.M.,
Aragno, M., 2005. Nitrogen fertiliser rate affects the frequency of nitrate-
dissmilating Pseudomonas spp. in the rhizosphere of Lolium perenne grown
under elevated pCO, (Swiss FACE). Soil Biology & Biochemistry 37,
1962-1965.

Fuhrer, J., 2003. Agrosystem responses to combinations of elevated CO,,
ozone, and global climate change. Agriculture, Ecosystems and Environ-
ment 97, 1-20.

Gamble, T.N., Betlach, M.R., Tiedje, J.M., 1977. Numerically dominant
denitrifying bacteria from world soils. Applied and Environmental
Microbiology 33, 916-939.

Ghiglione, J.F., Gourbieére, F., Potier, P., Philippot, L., Lensi, R., 2000. Role of
respiratory nitrate reductase in ability of Pseudomonas fluorescens YT101
to colonize the rhizosphere of maize. Applied and Environmental
Microbiology 66, 4012—4016.

Glick, B.R., 1995. The enhancement of plant growth by free-living bacteria.
Canadian Journal of Microbiology 41, 109-117.

Glickmann, E., Dessaux, Y., 1995. A critical examination of the specificity of
the Salkowski reagent for indolic compounds produced by phytopathogenic
bacteria. Applied and Environmental Microbiology 61, 793-796.

Gobat, J.M., Aragno, M., Matthey, W., 2004. The living soil. Fundamentals of
Soil Science and Soil Biology. Science Publishers, Inc., USA, 475 pp.
Grayston, S.J., Campbell, C.D., Lutze, J.L., Gifford, R.M., 1998. Impact of
elevated CO, on the metabolic diversity of microbial communities in

N-limited grass swards. Plant and Soil 203, 289-300.

Griffiths, B.S., Ritz, K., Ebblewhite, N., Paterson, E., Killham, K., 1998.
Ryegrass rhizosphere microbial community structure under elevated carbon
dioxide concentrations, with observation on wheat rhizosphere. Soil
Biology and Biochemistry 30, 315-321.

Halda-Alija, L., 2003. Identification of indol-3-acetic acid producing
freshwater wetland rhizosphere bacteria associated with Juncus effusus L.
Canadian Journal of Microbiology 49, 781-787.

Hamelin, J., Fromin, N., Teyssier-Cuvelle, S., Tarnawski, S., Aragno, M., 2002.
nifH gene diversity in the bacterial community associated with the
rhizosphere of Molinia coerulea, an oligonitrophilic perennial grass.
Environmental Microbiology 4, 477-481.

Hebeisen, T., Liischer, A., Zanetti, S., Fischer, B.U., Hartwig, U.A., Frehner,
M., Hendrey, G.R., Blum, H., Nosberger, J., 1997. Growth response of
Trifolium repens and Lolium perenne as monocultures and bi-species
mixture to free air CO, enrichment and management. Global Change
Biology 3, 149-160.



Hodge, A., Paterson, E., Grayston, S.J., Campbell, C.D., Ord, B.G., Killham,
K., 1998. Characterisation and microbial utilisation of exudate material
from the rhizosphere of Lolium perenne grown under CO, enrichment. Soil
Biology and Biochemistry 30, 1033—1043.

Hgjberg, O., Schnider, U., Winteler, H.V., Sgrensen, J., Haas, D., 1999.
Oxygen-sensing reporter strains of Pseudomonas fluorescens for monitor-
ing the distribution of low-oxygen habitats in soil. Applied and
Environmental Microbiology 65, 4085-4093.

Hu, S., Firestone, M.K., Chapin III., F.S., 1999. Soil microbial feedbacks to
atmospheric CO, enrichment. Trends in Ecology and Evolution 11,
433-437.

Isopp, H., Frehner, M., Long, S.P., Nosberger, J., 2000. Sucrose-phosphate
synthase responds differently to source—sink relations and to photosynthetic
rates: Lolium perenne L. growing at elevated pCO, in the field. Plant, Cell
and Environment 23, 597-607.

Kandeler, E., Tscherko, D., Bardgett, R.D., Hobbs, P.J., Kampichler, V., Jones,
T.H., 1998. The response of soil microorganisms and roots to elevated CO,
and temperature in a terrestrial model ecosystem. Plant and Soil 202,
251-262.

Khalid, A., Arshad, M., Zahir, Z.A., 2004. Screening plant growth-promoting
rhizobacteria for improving growth and yield of wheat. Journal of Applied
Microbiology 96, 473-480.

Kloepper, J.W., Leong, J., Teintze, M., Schorth, M.N., 1980. Enhanced plant
growth by siderophores produced by plant growth promoting rhizobacteria.
Nature 286, 885-886.

Kremer, R.J., Souissi, T., 2001. Cyanide production by rhizobacteria and
potential for suppression of weed seedling growth. Current Microbiology
43, 182-186.

Kuzyakov, Y., 2001. Tracer studies of carbon translocation by plants from the
atmosphere into the soil (a review). Eurasian Soil Science 34, 28-42.
Lebuhn, M., Heulin, T., Hartman, A., 1997. Production of auxin and other
indolic and phenolic compounds by Paenibacillus polymyxa strains isolated
from different proximity to plant roots. FEMS Microbiology Ecology 22,

325-334.

Lemanceau, P., Bakker, P.A.H.M., De Kogel, W.J., Alabouvette, C., Schippers,
B., 1993. Antagonistic effect of nonpathogenic Fusarium oxysporum Fo47
and Pseudobactin 358 upon pathogenic Fusarium oxysporum f. sp. dianthi.
Applied and Environmental Microbiology 59, 74-82.

Lemanceau, P., Corberand, T., Gardan, L., Latour, X., Laguerre, G., Boeufgras,
J.-M., Alabouvette, C., 1995. Effect of two plant species, flax (Linum
usitatissinum L.) and tomato (Lycopersicon esculentum Mill.), on the
diversity of soilborne populations of fluorescent pseudomonads. Applied
and Environmental Microbiology 61, 1004-1012.

Linne von Berg, K.H., Bothe, H., 1992. The distribution of denitrifying bacteria
in soils monitored by DNA-probing. FEMS Microbiology Ecology 86,
331-340.

Locatelli, L., Tarnawski, S., Hamelin, J., Rossi, P., Aragno, M., Fromin, N.,
2002. Specific PCR amplification for the genus Pseudomonas targeting the
3/ half of 16S rDNA and the whole 16S-23S rDNA spacer. Systematic and
Applied Microbiology 25, 220-227.

Lugtenberg, B.J.J., Dekkers, L.C., 1999. What makes Pseudomonas bacteria
rhizosphere competent? Environmental Microbiology 1, 9—13.

Lynch, J.M., Whipps, J.M., 1990. Substrate flow in the rhizosphere. Plant and
Soil 129, 1-10.

Marilley, L., Hartwig, U.A., Aragno, M., 1999. Influence of an elevated
atmospheric CO, content on soil and rhizosphere bacterial communities
beneath Lolium perenne and Trifolium repens under field conditions.
Microbial Ecology 38, 39—49.

Montealegre, C.M., van Kessel, C., Russelle, M.P., Sadowsky, M.J., 2002.
Changes in microbial activity and composition in a pasture ecosystem
exposed to elevated atmospheric carbon dioxide. Plant and Soil 243,
187-207.

O’Sullivan, D.J., O’Gara, F., 1992. Traits of fluorescent Pseudomonas spp.
involved in suppression of plant root pathogens. Microbiological Reviews
56, 662-676.

Paterson, E., 2003. Importance of rhizodeposition in the coupling of plant and
microbial productivity. European Journal of Soil science 54, 741-750.
Patten, C.L., Glick, B.R., 2002. Role of Pseudomonas putida indoleacetic acid
in development of the host plant root system. Applied and Environmental

Microbiology 68, 3795-3801.

Persello-Cartieaux, F., Nussaume, L., Robaglia, C., 2003. Tales from the
underground: molecular plant—rhizobacteria interactions. Plant Cell and
Environment 26, 189-199.

Rainey, P.B., 1999. Adaptation of Pseudomonas fluorescens to the plant
rhizosphere. Environmental Microbiology 1, 243-257.

R Development Core Team, 2004. R: A Language and Environment for
Statistical Computing. R Foundation for Statistical Computing, Vienna,
Austria. ISBN 3-900051-00-3, URL http://www.R-project.org.

Roussel-Delif, L., Tarnawski, S., Hamelin, J., Philippot, L., Aragno, M.,
Fromin, N., 2005. Frequency and diversity of nitrate reductase genes among
nitrate-dissimilating Pseudomonas in the rhizosphere of perennial grasses
grown in field conditions. Microbial Ecology 49, 63-72.

Schwyn, B., Neilands, J.B., 1987. Universal chemical assay for the detection
and determination siderophores. Analytical Biochemistry Journal 160,
47-56.

Sgrensen, J., Jensen, L.E., Nybrge, O., 2001. Soil and rhizosphere as habitats
for Pseudomonas inoculants: new knowledge on distribution, activity and
physiological state derived from micro-scale and single-cell studies. Plant
and Soil 232, 97-108.

Stres, B., Mahne, 1., Avgustin, G., Tiedje, J.M., 2004. Nitrous oxide reductase
(nosZ) gene fragments differ between native and cultivated Michigan soils.
Applied and Environmental Microbiology 70, 301-309.

Suter, D., Frehner, M., Fischer, B.U., Nosberger, J., Liischer, A., 2002.
Elevated CO, increase carbon allocation to the roots of Lolium perenne
under free-air CO, enrichment but not in a controlled environment. New
Phytologist 154, 65-75.

Tarnawski, S., Hamelin, J., Locatelli, L., Aragno, M., Fromin, N., 2003.
Examination of Gould’s modified S1 (mS1) selective medium and Angle’s
non-selective medium for collecting diversity of Pseudomonas spp. in soil
and root environments. FEMS Microbiology Ecology 45, 97-104.

Vazquez de Aldana, B.R., Berendse, F., 1997. Nitrogen-use efficiency in six
perennial grasses from contrasting habitats. Functional Ecology 11,
619-626.

Voisard, C., Keel, C., Haas, D., Défago, G., 1989. Cyanide production by
Pseudomonas fluorescens helps suppress black root rot of tobacco under
gnotobiotic conditions. The EMBO Journal 8, 351-358.

Weihong, L., Fusuo, Z., Kezhi, B., 2000. Responses of plant rhizosphere to
atmospheric CO, enrichment. Chinese Science Bulletin 45, 97-101.


http://www.R-project.org

	Phenotypic structure of Pseudomonas populations is altered under elevated pCO2 in the rhizosphere of perennial grasses
	Introduction
	Materials and methods
	Study site and plant material
	Sampling plan
	Pseudomonas counts and isolation
	Auxin production assay
	Siderophores production assay
	Hydrogen cyanide production assay
	Nitrate reduction assay
	Statistical analysis

	Results
	Pseudomonas population density
	Frequency of auxin producers
	Frequency of siderophore producers
	Frequency of hydrogen cyanide producers
	Frequency of nitrate-dissimilating pseudomonas
	Link between phenotypic characters

	Discussion
	Response of pseudomonas populations to elevated pCO2
	Elevated pCO2 did not influenced IAA producing pseudomonas
	Siderophore producing pseudomonas responded differently to elevated pCO2 for L. perenne and M. coerulea
	HCN producing pseudomonas were mainly influenced by root proximity
	Root proximity and elevated pCO2 influenced nitrate dissimilating pseudomonas
	Rhizosphere environment under elevated pCO2 altered pseudomonas populations
	Conclusions

	Acknowledgements
	References


