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The increase in atmospheric CO2 content alters C3 plant photosynthetic rate, leading to changes in

rhizodeposition and other root activities. This may influence the activity, the biomass, and the

structure of soil and rhizosphere microbial communities and therefore the nutrient cycling rates and

the plant growth. The present paper focuses on bacterial numbers and on community structure. The

rhizospheres of two grassland plants, Lolium perenne (ryegrass) and Trifolium repens (white clover),

were divided into three fractions: the bulk soil, the rhizospheric soil, and the rhizoplane–

endorhizosphere. The elevated atmospheric CO2 content increased the most probable numbers of

heterotrophic bacteria in the rhizosphere of L. perenne. However, this effect lasted only at the

beginning of the vegetation period for T. repens. Community structure was assessed after isolation

of DNA, PCR amplification, and construction of cloned 16S rDNA libraries. Amplified ribosomal

DNA restriction analysis (ARDRA) and colony hybridization with an oligonucleotide probe de-

signed to detect Pseudomonas spp. showed under elevated atmospheric CO2 content an increased

dominance of pseudomonads in the rhizosphere of L. perenne and a decreased dominance in the

rhizosphere of T. repens. This work provides evidence for a CO2-induced alteration in the structure

of the rhizosphere bacterial populations, suggesting a possible alteration of the plant-growth-

promoting-rhizobacterial (PGPR) effect.

Introduction

An increase in atmospheric CO2 content alters functioning

of soil ecosystems. Nevertheless, the major influence of a

doubling of CO2 atmospheric concentration on soil micro-

bial communities is indirect because CO2 concentration in

soil is greater than 0.1 kPa [66], whereas the current atmo-

spheric content is 0.035 kPa. Consequently, the main influ-

ence is thought to occur by the intermediation of the plants.

Indeed, because of the competitive inhibition by O2 of the

ribulose-1,5-bisphosphate carboxylase, which is responsible
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for CO2 fixation during photosynthesis [7], the C3 plant

photosynthetic rate increases under a CO2-enriched atmo-

sphere [28, 47, 51]. An increased root biomass under CO2

enrichment has been shown by several authors [25, 30, 47,

52, 53].

Soil bacterial communities probably play a key role in the

response to the elevated atmospheric CO2. Under normal

conditions, 12 to 54% of the carbon fixed by photosynthesis

is released into the soil by the roots [26, 27, 36, 46]. Lek-

kerkerk et al. [32] showed that the root-derived, easily bio-

degradable compounds of wheat roots increased under a

CO2-enriched atmosphere. Van Veen et al. [66] suggested

quantitative and qualitative changes in rhizodeposition

linked to CO2 enrichment. Since rhizodeposition consists

mainly of organic matter, these changes may influence the

biomass, activity, and structure of the bacterial community,

leading to changes in soil processes involving plant roots,

microorganisms, and soil physico-chemical properties.

Studies on bacterial numbers and biomass in the rhizo-

sphere and under CO2 enrichment are not well documented.

Zak et al. [70] showed an increased bacterial biomass in the

soil and the rhizosphere of Populus grandidentata. Schorte-

meyer et al. [57] found in samples taken in the spring a

positive effect of the elevated CO2 on the bacterial numbers

in the rhizosphere of ryegrass, but a negative effect in the

rhizosphere of T. repens. On the other hand, Runion et al.

[54] detected no changes in bacterial numbers in the rhizo-

sphere of cotton, and inconsistent results were found by

Whipps [68] in Zea mays and by O’Neill et al. [43] in Liri-

odendron tulipifera rhizospheres. Studies are still needed to

better understand the influence of the increased atmospheric

CO2 on soil bacterial processes, and therefore on plant

growth. According to Diaz et al. [17], the elevated CO2 at-

mospheric content leads to an increase in substrate release

into the rhizosphere. This induces a mineral nutrient seques-

tration by an expanding microbiota and a consequent limi-

tation of plant growth. According to Cardon [12], the in-

fluence is also linked to the nutrient status of the soil. On the

other hand, Clarholm et al. [15] and Zak et al. [70] suggested

an increased protozoan grazing due to an enhanced carbon

availability and therefore an increased mineralization and

plant nutrient availability.

Plant growth may also be influenced directly by the rhi-

zobacterial populations through altered plant-growth pro-

moting effects. Even though the recent emergence of mo-

lecular methods applied to soil microbial ecology allows

better description of soil and rhizosphere microbial commu-

nities [4, 9, 18, 35, 37, 38, 50, 60], there are limited data

dealing with the effects of elevated CO2 on the structure of

rhizosphere microbial populations. Based on phospholipid

fatty acid profile analysis of total extractable bacteria, Zak et

al. [71] found no CO2 influence on the microbial commu-

nity in soils planted with Populus grandidentata; nor did

Griffiths et al. [22] find such as influence for L. perenne and

Triticum aestivum by using broad-scale DNA techniques.

Other works have focused on particular groups of microor-

ganisms. In the rhizosphere of T. repens, the population of

Rhizobium leguminosarum biovar trifolii, determined by

MPN plant infection assay of T. repens seedlings, was in-

creased twofold under CO2 enrichment [57]. Zanetti et al.

[74] reported an increase in symbiotic nitrogen fixation ac-

tivity for T. repens growth under enriched CO2 atmosphere.

The elevated CO2 had no effect on population of nitrifiers in

the rhizospheres of L. perenne and T. repens [57] and Liri-

odendron tulipifera [43].

Our main objective in this study was to analyze, with a

culture-independent approach and under field conditions,

how the bacterial community structure was influenced by an

elevated atmospheric CO2 content in swards of Lolium pe-

renne and Trifolium repens. To do this, we divided the soil

into three fractions: the bulk soil, the soil adhering to the

roots, and the washed roots (rhizoplane and endorhizo-

sphere). The first stage of our methodology was based on

amplified ribosomal DNA restriction analysis (ARDRA) and

on the phylogenetic sequence analysis of cloned 16S rRNA

genes retrieved from soil and rhizosphere fractions, allowing

us to determine the main bacterial groups involved in the

CO2 response. Colony hybridization with a PSMG oligo-

nucleotide probe served in a second stage to show the in-

fluence of the CO2 enrichment on the population of Pseu-

domonas spp. Moreover, a cultural approach was used to

determine the influence of the CO2 enrichment on the num-

bers of heterotrophic bacteria.

Materials and Methods

Study Site and CO2 Fumigation

The study site was located at 550 m above sea level in Eschikon,

canton Zürich (Switzerland). It consisted of three control (C1, C2,

C3: ambient pCO2) and three fumigated (F1, F2, F3: 60 Pa CO2)

open-air rings, situated at least 100 m apart and 18 m in diameter.

Free-air-CO2-enrichment (FACE) technology [33] was used to re-

lease CO2 into the open field rings during the photoperiod. The

experiment [25, 74] started at the end of May 1993 and lasted

during the entire growing seasons. Monocultures of Lolium perenne

cv Bastion and Trifolium repens cv Milkanova were cultivated in
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plots measuring 2.8 × 1.9 m and fertilized with P2O5 (12 g m−2

yr−1), K2O (29 g m−2 yr−1), Mg (1.6 g m−2 yr−1), and N (14 g m−2

yr−1). To counterbalance differences in nutrient availability, the

amount of P–K–Mg fertilizers was increased by 35% in rings C3

and F3. The swards were harvested four times a year in 1995 and

five times in 1996 and 1997. The soil was a fertile, eutric cambisol

with pH (H2O) values between 6.5 and 7.6 and consisted of 28%

clay, 33% silt, 36% sand, and between 2.9% and 5.1% organic

matter [25].

Soil Sampling and Preparation of Rhizosphere Fractions

Soil sampling and partitioning were performed as described by

Marilley et al. [38]. Soil cores were collected from L. perenne and T.

repens monocultures and transported cooled to the laboratory.

Within the same day, soil cores were separated into three fractions:

the bulk soil (BS), the rhizospheric soil (RS), and the rhizoplane–

endorhizosphere (RE) [38]. The fractions were then placed at 4°C

for the cultural methods and at −20°C for the DNA extractions.

Enumeration of Heterotrophic Bacteria

Samples for the determination of most probable numbers (MPNs)

of cultivable heterotrophic bacteria were collected in 1995 and

1996. Inoculations were performed the day after the soil sampling

and partitioning. 10 g of BS fraction and 5 ml of homogenized

suspensions of RS and RE fractions were added to 90 ml and 5 ml,

respectively, of a sterile 0.9% (w/v) NaCl solution. The dry weight

of BS fraction was measured after an overnight incubation in a

vacuum oven at 70°C. The values were the mean of two 10 g fresh

weight subsamples. The dry weight of fraction RS was determined

by drying 10 ml of the rhizospheric soil suspension at 70°C during

2 days. The MPN of heterotrophs from fraction RE was displayed

as function of the fresh weight of roots measured before the pound-

ing step [38].

The suspensions were shaken at 150 rpm for 30 min at room

temperature. The samples were then tenfold serially diluted in a

medium containing ionic concentrations of nutrients similar to

those found in the soil solution [2]. This culture medium was

modified and the following composition was used: 0.2 g L−1

NH4NO3, 0.69 g L−1 CaSO4, 0.406 g L−1 MgCl2 and 2 g L−1 yeast

extract. To this solution, 1 ml of trace element solution [3], 110 µl

of Fe/EDTA solution (1.4 g L−1 Na2EDTA, 5 g L−1 FeSO4 ? 7H2O,

and 0.05% (v/v) concentrated H2SO4), 680 µl of KH2PO4 0.1%

(w/v), 0.5 ml of 1 M KOH, and 40 ml of 0.5 M Tris-HCl (pH 7.0)

were added to a final volume of 1 L. After autoclaving, the medium

was supplemented with a filter-sterilized solution of glucose to

obtain a final concentration of 1 g L−1. MPN of heterotrophic

bacteria obtained on this medium was increased more than fivefold

in comparison with the MPN obtained on 4 g L−1 nutrient broth.

Eight parallel 200 µl microplate wells were filled with each dilution.

No growth occurred in the absence of yeast extract and glucose.

Wells containing noninoculated medium served as a control of

cross-contamination. Microtiter plates were incubated at 15°C for

5 days and wells were scored positive when a bacterial pellet was

visible. MPN values were calculated using the program of Schneider

[56].

Construction of 16S rDNA Libraries

Soil and rhizosphere DNA was extracted and purified following the

method described by Ogram [45]. Microorganisms were lysed by a

direct procedure based on a lysozyme digestion, SDS treatment,

and heat shocks. DNA was then purified by CTAB treatment, ex-

traction with chloroform, centrifugation in polyethylene glycol,

and ammonium acetate precipitation. Since Taq DNA polymerase

may be inhibited by humic compounds [61, 62], the CTAB, CHCl3,

and ammonium acetate steps were repeated for extracts that still

showed a dark brown color and for those that were difficult to

amplify by PCR.

The amplification by PCR of 16S rDNA and the construction of

cloned 16S rRNA gene libraries have been already described by

Marilley et al. [38]. The amplicons were purified from low-melting

agarose gels and cloned in pGEM-T linear vector (Promega Corp.,

Madison, WI) and Escherichia coli XL1 competent cells.

Amplified Ribosomal DNA Restriction Analysis

After construction of 16S rDNA libraries, plasmids were extracted

from overnight cultures of transformed E. coli by using the alkaline

lysis method followed by chloroform extraction [55]. Twenty-nine

cloned 16S rRNA genes per fraction were then amplified by PCR

and digested as described by Marilley et al. [38] using 2 U of the

restriction enzymes HaeIII and RsaI, and 6 U of TaqI. The clones

with identical restriction profiles with the three endonucleases were

clustered in the same operational taxonomic unit (OTU).

Colony Hybridization

The construction of the clone libraries was performed as described

above, except for slight modifications: four to eight 20 µl PCR

products were pooled, precipitated with ethanol following standard

protocols [55], and resuspended in 20 µl of autoclaved TE buffer

(10 mM Tris-HCl, 1 mM EDTA [pH 8.0]). PCR products were then

purified using a QiaexII Kit (Qiagen GmBH, Hilden, Germany)

according to the manufacturer’s instructions. The purified ampli-

cons were resuspended in 20 µl of sterile distilled water before

being ligated in the pGEM-T vector (Promega).

About 90 transformed E. coli XL1 colonies were randomly

picked and inoculated with sterile toothpicks on LB agar [55]

supplemented with 150 µg ml−1 ampicillin. To control the size of

the ligated inserts, 24 plasmid preparations per sample were per-

formed and separated by electrophoresis on a 0.8% (w/v) agarose

gel. Transfer of bacterial colonies to Hybond-N+ nylon membranes

(Amersham, Buckinghamshire, UK) was performed by standard

methods [55]. Filters were then air-dried and the DNA fixed by an

UV exposure of 70 J cm−2 at 254 nm. To remove bacterial cell

debris from colony blots, membranes were washed for 1 h at 42°C

in a solution containing 2× SSPE (0.3 M NaCl, 20 mM NaH2PO4,

and 2.5 mM EDTA [pH 7.4]), 0.1% (w/v) SDS, and 100 µg ml−1

pronase, followed by an incubation for 30 min at 65°C in 2× SSPE

and 0.1% (w/v) SDS.
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The oligonucleotide probe used was PSMG (58-CCTTCCTCC-

CAACTT-38; E. coli positions 440 to 454), which is complementary

to a region of the 16S rDNA conserved in the genus Pseudomonas

and a few other bacteria [1, 10]. It was synthesized and HPLC

purified by Microsynth (Balgach, Switzerland) following standard

protocols. The oligonucleotide was labeled using the DIG Oligo-

nucleotide 38-End Labelling Kit (Boehringer Mannheim, Penzberg,

Germany), according to the manufacturer’s instructions.

Membranes were prehybridized for 1 h at the hybridization

temperature (36°C) in 5× SSC (750 mM NaCl and 75 mM sodium

citrate [pH 7.0]), 0.02% (w/v) SDS, 0.1% (w/v) N-lauroylsarcosin,

and 1% (w/v) blocking reagent (Boehringer). Hybridization was

performed overnight in the solution described above supplemented

with 1 pmol ml−1 of the oligonucleotide probe. After two low-

stringency washes for 5 min at room temperature in 2× SSC and

0.1% (w/v) SDS, membranes were washed twice for 15 min at the

hybridization temperature in 5× SSC and 0.1% (w/v) SDS. The

hybridized probes were immunodetected with anti-digoxigenin

conjugated to alkaline phosphatase (Fab fragments, Boehringer)

and visualized with the colorimetric substrates NBT and BCIP, as

described in the manufacturer’s protocol (Boehringer).

Results
Enumeration of Heterotrophic Bacteria

Elevated atmospheric CO2 did not influence bacterial num-

bers in the BS fractions of L. perenne and T. repens (Fig. 1).

Numbers of heterotrophs in the RS fraction of L. perenne

were increased under CO2 fumigation, reaching a sixfold

increase in October. In the RS fraction of T. repens, the

results showed an increase in samples retrieved in May and

July, but not at the end of the growing season, in September

and October. Elevated CO2 had no influence on heterotro-

phic bacteria in the RE fraction of L. perenne, in which

differences between control and enriched samples were in-

consistent. Heterotrophic bacteria were fivefold less numer-

ous under enrichment in RE fraction of T. repens (April) but

were tenfold increased in July; MPNs performed in Septem-

ber and October did not show any CO2 influence.

Community Structure

To construct the 16S rDNA libraries, 29 clones for ARDRA

(sampling in 1995) and approximately 90 clones for colony

hybridization (sampling in 1997) were arbitrarily selected for

each fraction. Clones retrieved from ring C1 (ambient

pCO2) in 1995 were partially sequenced and phylogenetically

assigned to the closest 16S rDNA sequence in the EMBL,

allowing calculation of a frequency of chimera formation of

4.5% [37], which is in the same order of magnitude as those

given in other works [9, 18, 41, 49]. The ligation and trans-

Fig. 1. Most probable numbers (MPNs) of heterotrophic bacteria in BS, RS, and RE fractions of (A) Lolium perenne and (B) Trifolium

repens monocultures under ambient and elevated atmospheric CO2. MPNs in CO2-enriched RS fraction of L. perenne (July) and in fractions

RS of T. repens (April) were not determined. BS, bulk soil; RS, rhizospheric soil; RE, rhizoplane and endorhizosphere. Error bars are

confidence intervals (0.05) with 10,000 bootstraps.
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formation steps performed for the colony hybridization were

controlled by agarose gel electrophoresis of 24 plasmids per

fraction. Of the analyzed clones, 6.3% were shown to have

an unexpected size.

Soil samples for ARDRA were collected in October 1995

from rings C1 and F1. Clones showing identical restriction

profiles with the three restriction enzymes used served to

define OTUs. The frequency of clones phylogenetically re-

lated to Pseudomonas spp. increased as the proximity to the

roots of L. perenne and of T. repens (ambient pCO2) in-

creased (Fig. 2). The RE fractions of T. repens were domi-

nated by clones related to Rhizobium leguminosarum. The

elevated atmospheric CO2 content led to a greater domi-

nance of Pseudomonas spp. in the RS and RE fractions of L.

perenne, while their dominance decreased under CO2 en-

richment in the RS and RE fractions of T. repens. The pres-

ence of clones related to R. leguminosarum increased under

CO2 enrichment in the RS and in the RE fractions of T.

repens.

Samples for detection of Pseudomonas spp. were collected

in October 1997 from rings C1, C2, C3, F1, F2, and F3. Their

frequency was assessed by colony hybridization of the 16S

rDNA clone libraries with the oligonucleotide probe PSMG

(Fig. 3). The specificity of the hybridization was controlled

on the 174 16S rDNA clones retrieved in 1995 from ring C1.

The phylogenetic position of the above-mentioned OTUs

was determined after partial sequencing [37]. Among these

174 clones, 34 had restriction profiles matching those of

clones showing more than 92% of homology with fluores-

cent pseudomonad 16S rDNA sequences. The hybridization

signals were positive with these 34 clones, and negative with

all the others. Moreover, Pseudomonas synxantha (LMG

2190), Pseudomonas synringae (LMG 5066), Pseudomonas

putida (LMG 2257), and Pseudomonas fluorescens (DSM

2005) positively hybridized, contrarily to Escherichia coli

XL1.

The results of the detection of Pseudomonas spp. by

colony hybridization showed a selective rhizosphere effect

toward pseudomonads in both plants, except for the RE

fraction of T. repens, where their frequency decreased. The

CO2 enrichment led to an increased presence of Pseudomo-

nas spp. in L. perenne fractions. In fractions of T. repens,

their frequency decreased as the CO2 fumigation was ap-

plied.

Discussion

In this study, we focused on L. perenne and T. repens mainly

to compare our data with other studies performed on the

FACE field experiment in Eschikon (Switzerland) [23, 25,

29, 30, 42, 57, 72, 74]. Moreover, the plants have different

rhizosphere structures. L. perenne, a grass, lacks symbiotic

nitrogen fixation but establishes a rhizospheric sheath sur-

rounding its roots, whereas rhizospheric soil of T. repens

consists of discrete soil particles adhering to the roots.

Impact of Elevated CO2 on Soil Heterotrophic Bacteria

Our data did not show any CO2 influences on the most

probable numbers of heterotrophic bacteria in the BS frac-

tions (Fig. 1). In a prairie ecosystem such as the FACE fa-

cility in Eschikon, soil carbon input is mainly the result of

dead plants and rhizodeposition. Jongen et al. [30] measured

in the FACE study site of Eschikon an increased C:N ratio of

L. perenne roots grown in monoculture at elevated pCO2,

while they detected no changes in the C:N ratio of clover

roots. From the perspective of microbial numbers, Zak et al.

[70] suggested that an increased carbon input into the soil

could be counterbalanced by an increased C:N ratio, leading

to unchanged microbial numbers. It is likely that in a grass

monoculture under elevated CO2 the availability of soil min-

eral nitrogen decreases because of the increased C:N ratio of

plant-derived organic matter introduced into the soil [24].

Fig. 2. Distribution of 16S rDNA operational taxonomic units

(OTUs) retrieved from Lolium perenne and Trifolium repens mono-

cultures based on restriction profile analysis with HaeIII, RsaI and

TaqI. ( ), clones phylogenetically related to Pseudomonas spp. ( ),

clones phylogenetically related to Rhizobium leguminosarum. BS,

bulk soil; RS, rhizospheric soil; RE, rhizoplane and endorhizo-

sphere.
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Diaz et al. [17] showed a nutritional limitation of plant

growth due to CO2-induced mineral nutrient sequestration

by expanding microbiota. However, the symbiotic nitrogen

fixation occurring in clover roots could counterbalance the

mineral nutrient limitation. Indeed, the relative contribution

of symbiotically fixed N to the total plant nitrogen increased

with increasing pCO2 [59, 72, 74].

One may also expect an increased root production under

elevated pCO2 [23], but CO2-induced changes in the quality

of the root material and an increased C sequestration into

soil organic matter, as reported for the experiment in Eschi-

kon [29, 42], may lead to unaltered microbial numbers in BS

fractions. These CO2-unaltered MPN values may also sug-

gest that the size of the microbial population is regulated

through predation by soil protozoa [70].

Impact of Elevated CO2 on Heterotrophic Bacteria in
the Rhizosphere

In the rhizosphere, bacterial populations are under the direct

influence of rhizodeposition, which consists mainly of

soluble secretions, cell lysates, polysaccharides, and

sloughed-off cells [68]. Rhizosphere bacterial populations

are supplied in this particular soil habitat with easily degrad-

able organic compounds. Our data (Fig. 1) showed under

CO2 enrichment a consistent increase in the most probable

numbers of heterotrophs inhabiting rhizospheric soil sur-

rounding L. perenne roots. This result is explained by an

increased amount of CO2-induced rhizodeposition [47, 52,

66]. Qualitative changes in the composition of rhizodeposi-

tion may also be an explanation, but this feature is not well

documented. Lekkerkerk et al. [32] showed under CO2 en-

richment an increase in easily digestible organic compounds

released from wheat roots. Although results on microbial

numbers are scarce and inconsistent [43, 67], Schortemeyer

et al. [57] reported in the FACE fields in Eschikon a positive

CO2 effect in the rhizosphere of L. perenne sampled in May,

but not in November. Our data provide evidence for a CO2-

induced increase in bacterial numbers in the rhizospheric

soil, but not in the rhizoplane–endorhizosphere.

MPN values of heterotrophs in the RS fraction of T.

repens were increased under CO2 enrichment in samples

retrieved in May and July, but not in September and October

(Fig. 1). This result is not in agreement with the trends

obtained in the Eschikon FACE field experiment by Schor-

temeyer et al. [57], who found a weakly significant decrease

in heterotrophic microbial numbers. However, these authors

retrieved rhizospheric soil in 1994. We suggest that T. repens

root exudation enhanced microbial chemotaxis and growth

at the beginning of the plant growing season. Gaworzewska

Fig. 3. Frequency of Pseudomonas spp., as determined by colony hybridization with the PSMG oligonucleotide probe of 16S rDNA clones

retrieved from L. perenne and T. repens monocultures. Data presented are the mean of three replica fractions. ( ), ambient pCO2; (j),

elevated; BS, bulk soil; RS, rhizospheric soil; RE, rhizoplane and endorhizosphere.
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and Carlile [20] showed a positive chemotaxis of bacteria

toward root exudates. We are aware that additional data are

needed to confirm this hypothesis.

Since it is likely that the plant requirement for symbiotic

nitrogen fixation increases under CO2 enrichment, the exu-

dation of root-mediated molecular signals, such as flavo-

noids and isoflavonoids, should also be enhanced under el-

evated pCO2 at the beginning of the growing season. These

signals act as chemoattractants at the first stage of the es-

tablishment of the Rhizobium–clover symbiosis [14, 65], ex-

plaining the positive CO2 effect on bacteria numbers in the

RS fraction and the tenfold increase in the RE fraction re-

trieved in July. In this latter fraction, bacterial counts are

mainly assigned to Rhizobium leguminosarum counts be-

cause the Trifolium–Rhizobium symbiosis is highly specific

[14, 65] and because the bacteroids are present in high num-

bers in nodules. These results are in agreement with those

obtained by Schortemeyer et al. [57]. These authors showed

in the rhizosphere of T. repens a twofold increase in R.

leguminosarum counts in samples retrieved in May and in

November. Moreover, in the same FACE study site, Zanetti

et al. [74] showed that total N yield increased significantly in

T. repens under elevated CO2 and was assigned to an in-

creased formation of nodules [73].

Because of the incubation conditions (5°C for 5 days),

our results are representative of the soil bacterial fraction

that is composed of r-strategists. Their increased presence in

the RS fraction of L. perenne does not suggest an increase in

the numbers of the whole bacterial community, even though

the ratio of cultivable bacteria is enhanced in the rhizosphere

of plants [5, 58].

Impact of Elevated CO2 on the Microbial Community Structure

Molecular methods based on 16S rDNA analysis have suc-

cessfully been used to describe bacterial community struc-

ture either after ARDRA of clones retrieved from an active

hydrothermal vent system [41], from hypersaline environ-

ments [39], and from thermophilic compost piles [8], or

after partial sequencing and phylogenetic assignments [9, 18,

60]. This allowed, for example, demonstration of the ubiq-

uity of as-yet only molecularly detected soil bacteria, with

DNA sequences related to the Holophaga/Acidobacterium

phylum [35], or detection of new actinomycete lines of de-

scent [50].

Even though molecular methods have the powerful ad-

vantage of bypassing the limitations linked to the low ratio

of cultivable bacteria in soil and rhizosphere [11, 63], they

are biased by several factors due, for example, to differences

in the lysis efficiency between soil microorganisms, to the

formation of chimeric DNA during PCR amplification, to

the effect of genome size and rrn gene copy number, and to

differences in PCR amplification between bacteria (for a re-

view, see [69]). From the perspective of this work, molecular

biases are discussed in previous papers [37, 38]. Moreover,

we deliberately chose not to control all the clones obtained

during the construction of the 16S rDNA clone library per-

formed in 1997 because we assume that it is preferable to

analyze large clone libraries with a small percentage of mis-

ligated clones than a reduced number of clones, all contain-

ing the expected insert.

The results obtained after ARDRA and after colony hy-

bridization with the Pseudomonas spp. targeted oligonucleo-

tide probe PSMG clearly showed a CO2-induced increased

and, respectively, decreased dominance of pseudomonads in

the rhizosphere fractions of L. perenne and T. repens re-

trieved at an interval of two years (Figs. 2 and 3). To our

knowledge, this is the first work reporting at the level of the

whole bacterial community structural changes linked to an

elevation of the atmospheric CO2 content. Both the study of

Zak et al. [71], based on the phospholipid fatty acid profile

analysis of total extractable bacteria, and the study of Grif-

fiths et al. [22], based on community DNA hybridization

and % G+C base profiling by thermal denaturation, showed

that the rhizosphere bacterial community structure of Popu-

lus grandidentata, Lolium perenne, and Triticum aestivum

remained unaffected by the elevated pCO2. These contrast-

ing data show the importance of the molecular-based

method in revealing more or less subtle structural influences,

as suggested by Paterson et al. [46].

Fluorescent pseudomonads play a key role in the rhizo-

sphere of plants. They enhance plant growth by several

mechanisms, including (i) the control of phytopathogens by

antibiotic production [16, 48], by competition for mineral

nutrients [44], by secretion of enzymes that can lyse fungal

cells [34], and by induction of plant resistance [64]; (ii) the

contribution to plant mineral nutrition by secretion of

plant-utilizable siderophores that bind iron [6] or by solu-

bilizing minerals such as phosphorus [21]; (iii) nitrogen

fixation [13]; and (iv) the production of phytohormones

(for a review, see [21]). To influence the plant, root coloni-

zation by associative rhizobacteria is considered as a factor of

primary importance [31]. Among others, bacterial chemo-

taxis response to root exudation is involved in this process.
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Futama et al. [19] showed that soil salinity exerted an effect

on root colonization by fluorescent pseudomonads through

altered amino acid root exudation and therefore through

altered bacterial chemotaxis. In accordance with these con-

siderations, this work brings new insights to the plant re-

sponse to elevated atmospheric CO2 content through a pos-

sible alteration of the plant growth promoting effect by al-

tered rhizodeposition and consequent altered composition

of rhizobacterial populations.

Since the N concentration of L. perenne growth in mono-

culture decreases under elevated atmospheric CO2 while the

N concentration of T. repens remains unaffected and since

the C:N ratio of L. perenne was unaltered by CO2 fumigation

when this latter plant is cultivated with T. repens [23], the

elevated CO2 induces an increase in the plant requirement

for mineral nitrogen. This is supported by the CO2-induced

increased symbiotic nitrogen fixation [59, 72, 74] and pro-

portion of T. repens in mixed cultures [23–25]. In grassland

ecosystems, leguminous plants play a key role in the re-

sponse to elevated CO2. As a consequence of CO2 enrich-

ment, plant roots may alter the quality and the quantity of

rhizodeposition, leading to a modified selective effect toward

bacterial communities. This may explain the observation

that R. leguminosarum outcompetes pseudomonads in the

clover rhizosphere (Figs. 2 and 3). Montealegre et al. [40]

have shown under elevated CO2 changes in the genetic struc-

ture of the populations of R. leguminosarum isolated in the

FACE study site of Eschikon from root nodules. These au-

thors suggest that this CO2 influence is linked to an alter-

ation of the chemical signals released into the soil by clover

roots. In the rhizosphere of L. perenne, rhizodeposition

could also select populations of fluorescent pseudomonads

that are more suitable for the CO2-induced increased plant

requirement for mineral nutrients.

In this work, we applied an experimental strategy targeted

mainly to molecular approaches, but also to a cultural

method. In soil grown with L. perenne and T. repens, the 16S

rDNA-based approach allowed us to show the selective rhi-

zospheric effect [38], to describe the main phylogenetic bac-

terial groups inhabiting soil and rhizosphere [37], and ulti-

mately to provide evidence for a CO2-induced modification

of the bacterial community structure in the rhizosphere. We

suggest investigation not only of the CO2 influence on the

soil bacterial processes linked to increased plant litter pro-

duction, altered C:N ratios of plant residues, and rhizode-

position, such as organic matter decomposition and miner-

alization, but also of possible modifications of the plant-

growth-promoting effects that could take place in the

rhizosphere. To do this, further work dealing with genotypic

and phenotypic analysis of the rhizosphere Pseudomonas

spp. populations is urgently needed.
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42. Nitschelm JJ, Lüscher A, Hartwig UA, van Kessel C (1997)

Using stable isotopes to determine soil carbon input differ-

ences under ambient and elevated atmospheric CO2 condi-

tions. Global Change Biol 3:411–416

43. O’Neill EG, Luxmoore RJ, Norby RJ (1987) Elevated atmo-

spheric CO2 effects on seedling growth, nutrient uptake, and

rhizosphere bacterial populations of Liriodendron tulipifera L.

Plant Soil 104:3–11

44. O’Sullivan DJ, O’Gara F (1992) Traits of fluorescent Pseudo-

monas spp. involved in suppression of plant root pathogens.

Microbiol Rev 56:662–676

45. Ogram A (1998) Isolation of nucleic acids from environmental

samples. In: Burlage RS, Atlas R, Stahl D, Geesey G, Sayler G

(eds) Techniques in Microbial Ecology. Oxford University

Press, Oxford, pp 273–288

46. Paterson E, Hall JM, Rattray EAS, Griffiths BS, Ritz K, Killham

K (1997) Effect of elevated CO2 on rhizosphere carbon flow

and soil microbial processes. Global Change Biology 3:363–

377

47. Paterson E, Rattray EAS, Killham K (1996) Effect of elevated

atmospheric CO2 concentration on C-partitioning and rhizo-

sphere C-flow for three plant species. Soil Biol Biochem 28:

195–201

48. Raaijmakers JM, Weller DM (1998) Natural plant protection

by 2,4-diacetylphloroglucinol-producing Pseudomonas spp. in

take-all decline soils. Molecular Plant–Microbe Interactions

11:144–152
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