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Abstract

Increased root exudation and a related stimulation of rhizosphere-microbial growth have been hypothesised as possible explanations
for a lower nitrogen- (N-) nutritional status of plants grown under elevated atmospheric CO, concentrations, due to enhanced plant-
microbial N competition in the rhizosphere. Leguminous plants may be able to counterbalance the enhanced N requirement by increased
symbiotic N, fixation. Only limited information is available about the factors determining the stimulation of symbiotic N, fixation in
response to elevated CO,.

In this study, short-term effects of elevated CO, on quality and quantity of root exudation, and on carbon supply to the nodules were
assessed in Phaseolus vulgaris, grown in soil culture with limited (30 mgN kg™ soil) and sufficient N supply (200mgNkg™! soil), at
ambient (400 pmolmol ') and elevated (800 pmol mol~") atmospheric CO, concentrations.

Elevated CO, reduced N tissue concentrations in both N treatments, accelerated the expression of N deficiency symptoms in the N-
limited variant, but did not affect plant biomass production. *CO, pulse-chase labelling revealed no indication for a general increase in
root exudation with subsequent stimulation of rhizosphere microbial growth, resulting in increased N-competition in the rhizosphere at
elevated CO,. However, a CO,-induced stimulation in root exudation of sugars and malate as a chemo-attractant for rhizobia was
detected in 0.5-1.5cm apical root zones as potential infection sites. Particularly in nodules, elevated CO, increased the accumulation of
malate as a major carbon source for the microsymbiont and of malonate with essential functions for nodule development. Nodule
number, biomass and the proportion of leghaemoglobin-producing nodules were also enhanced. The release of nod-gene-inducing
flavonoids (genistein, daidzein and coumestrol) was stimulated under elevated CO,, independent of the N supply, and was already
detectable at early stages of seedling development at 6 days after sowing.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Higher atmospheric CO, concentrations alter the func-
tioning of soil ecosystems mainly due to changes in
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plant—soil interactions. Greater photosynthetic assimila-
tion rates under elevated CO, can increase root and shoot
biomass, and a fraction of the additional fixed carbon (C)
may be released into the rhizosphere by root exudation. An
increase in root exudation is a common (Cheng and
Johnson, 1998; van Ginkel et al., 2000; Allard et al., 2006)
but not a general response to elevated CO, (Hodge and
Millard, 1998; Bazot et al., 2006). Enhanced overall root
exudation was caused either by a stimulation of root
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development (van Ginkel et al., 2000) or by higher root
exudation rates per unit root area (Cheng and Johnson,
1998). Qualitative alterations in the composition of root
exudates towards higher C/N ratios have also been
reported occasionally (Grayston et al., 1998; Hodge et
al., 1998).

Increased root exudation under elevated CO, may
stimulate microbial growth and activity in the rhizosphere,
which in turn may increase the competition for limiting
nutrients between plants and rhizosphere microorganisms.
This effect has been discussed as a possible cause for a
reduced N-nutritional status of plants grown under
elevated atmospheric CO, concentrations (Diaz et al.,
1993).

Since symbiotic nitrogen fixation could counterbalance
the CO,-induced limitation of N availability in the rhizo-
sphere, leguminous plants may play a key role in the
response of ecosystems to elevated CO, (Marilley et al.,
1999). Accordingly, the relative contribution of symbioti-
cally fixed N, to total plant nitrogen increases (Zanetti et
al., 1996; Schortemeyer et al., 2002; Feng et al., 2004).
Marilley et al. (1999) observed that Rhizobium legumino-
sarum outcompetes N-heterotrophic microorganisms in the
clover rhizosphere, leading to a shift of the bacterial
community structure under elevation of CO, (Schorte-
meyer et al., 1996). Increased root exudation of chemo-
attractants (malate, phenolic acids, flavonoids), of
nod-gene-inducing flavonoids and of other signal com-
pounds involved in establishing the Rhizobium symbiosis,
but also an improved carbon supply to the nodules
(Cabrerizo et al., 2001), have been discussed as possible
reasons for the stimulation of symbiotic N, fixation under
elevated CO, (Marilley et al., 1999).

This study was conducted to test following hypotheses:
(i) elevated atmospheric CO, concentrations limit N
availability in the rhizosphere by plant-microbial competi-
tion because microbial growth is stimulated by increased
root exudation. (ii) In leguminous plants, the lower N-
nutritional status promotes symbiotic N, fixation by
increased root exudation of signal compounds and/or
improved carbon supply to the microsymbiont.

Phaseolus vulgaris L. was selected as a fast-growing
model plant with a well-characterized pattern of root
exudates involved in establishing the Rhizobium symbiosis
(Bolafios-Vasquez and Werner, 1997; Werner, 2000).
Plants were grown in soil culture with low and high levels
of N supply in minirhizotrons (rhizoboxes), equipped with
removable front lids to enable access to the surface of soil-
grown roots. Root exudates and rhizosphere soil solution
were collected along single roots by applying sorption
media (chromatography paper, nylon membranes) onto the
root surface, with a spatial resolution of 5Smm (Neumann,
2007). "*CO, pulse-labelling of photo-assimilates with a
short duration was employed to investigate the pattern of
current assimilate partitioning between plant compart-
ments and between plant roots and soil C pools (Meharg,
1994).

2. Material and methods
2.1. Plant culture

P. vulgaris L. (var. Hilds Maxi GS) seeds were surface-
sterilized by 10 min shaking in 30% H,O, and subsequently
washed with deionized water, followed by 5h imbibition in
10mM CaSO,. Seeds were germinated in rolls of moist
filter paper soaked with 2.5mM CaSO, for 4 days in
darkness and subsequent incubation with a 16h light
period under ambient and elevated CO, conditions with
daily moistening (2.5 mM CaSQ,) of the filters. Three filter
paper rolls per CO, treatment were harvested with
subsequent plant biomass determination 6, 8, 10 and 12
DAS (days after sowing). Filter paper rolls were stored at
—20 °C until flavonoid extraction and HPLC analysis. For
the soil culture experiment, the pre-germinated seedlings
were transferred to rhizobox microcosms (1 plant per box)
at 7 days after sowing with six replicates per treatment.
Rhizobox microcosms contained 150g of an air-dried
calcareous loess sub-soil (CaCOj3; 21.5%; pH (CaCl,) 7.6;
Corg 0.1%; plant available P (Pcap) Smg kg™ Niota
0.02%) inoculated with 10% (w/w) of a fresh agricultural
soil (Ap horizon) for microbial inoculation, and sieved to
2mm mesh size. Fertilisation was performed by soil
application of 150 mg K kg~" as 0.5 M K,SO,; 80mgPkg ™!
as 0.05M Ca(H,PO,),; 50mgMgkg™" as 0.5M MgSOy;
20pmol Fekg™' as 50mM Fe-EDTA. Two levels of N
supply as 0.5M Ca(NO;), were chosen: a well N-supplied
treatment (+N: 100mgNkg™' and additionally
50mgNkg™" at 10 and 15 DAS) and a low N-supplied
treatment (—N: 30mg Nkg™"). Soil moisture was adjusted
daily to 70% of its water holding capacity by gravimetric
determination and addition of distilled water. The rhizo-
boxes were positioned at a horizontal angle of 50° to
stimulate root growth along the transparent root observa-
tion windows of the boxes.

Plants were cultivated under controlled environmental
conditions in growth chambers with a 16/8h day/night
cycle, a light intensity of 300 pmolm™2s™', a 25/20 °C day/
night temperature regime, a relative humidity of 60%, and
either 400 pmolmol™' (ambient) or 800 umolmol™" (ele-
vated) atmospheric CO, concentrations. Elevated CO,
concentrations were adjusted to 800 pmolmol™'+5% by
automatic injection of pure CO, in one growth chamber.
The elevated CO, concentration is in the range of
predictions from emission scenarios for the next 100 years
(Intergovernmental Panel on Climate Change (IPCC),
2001). The ambient CO, concentration of approximately
400 pmol mol ™", characteristic for the region of Stuttgart,
was applied in the other growth chamber.

The '*CO, shoot pulse labelling was performed at 14
DAS, 3 h after the beginning of the light period in a closed
plexiglas chamber with 4933kBq of *C as Nal*CO;
solution for 1.5h. All plants were labelled simultaneously;
all openings of the rhizoboxes were sealed before labelling
(sealing material between shoot and rhizobox: Optosil® P
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plus, Heraeus Kulzer, Dormagen, Germany). The labelled
CO, was generated outside the chamber by adding 3 ml of a
3.5N lactic acid solution to the Nal*CO;. This was
introduced into the chamber by moving air (membrane
pump) through the solution as described by Kuzyakov et
al. (2003). A fan homogenised the atmosphere within the
chamber. Afterwards, the unassimilated tracer was re-
moved from the labelling chamber by flushing with fresh
air, which was passed through an alkaline trap containing
20ml of a 0.5N NaOH solution to collect the unassimi-
lated '*CO,. Potential formation of insoluble CaCO; from
respired '*CO, is considered to be negligible due contin-
uous removal of CO, from the soil by membrane pumps
(Kuzyakov et al., 2006).

2.2. Collection of root exudates in apical root zones, plant
harvest and soil sampling

Collection of rhizodeposition of total '*C, carboxylates,
sugars and amino acids from apical root zones was
performed by application of filter papers as sorption media
onto the root surface (Neumann, 2007). Filter discs (5 mm
diameter, water uptake capacity 63 plcm™2), moistened
with distilled water, were placed onto the surface of sub-
apical root zones (at 0.5-1.5cm distance from the root tip)
of 6 lateral roots appearing at the root observation
windows of the rhizobox microcosms, for trapping root
exudates released from the roots 12, 15, 18 and 21 DAS.
The rhizodeposition was collected 3 h after the beginning of
the light period. After 30 min the first set of filter discs was
discarded and replaced by new ones in order to minimise
the collection of previously accumulated rhizosphere
products. During incubation, the filters were occasionally
re-moistened with 10-20 pl of distilled water. After 2 h the
filter discs were transferred from the root surface into
1.5ml reaction vials and stored at —20°C until further
analysis. The 2 h-short-term collection of root secretes was
performed to reduce microbial degradation of root
exudates and to recover a high proportion of root exudates
(Neumann and Rémbheld, 2000; Neumann, 2007). At the
end of the culture period, the 6 apical root segments used
for exudate collection were harvested separately. At each
sampling date, plants were harvested and separated into
shoots and roots for fresh weight determination. The total
root adhering soil was sampled as rhizosphere soil. The
nodule tissue was then separated from the roots. The
weight and the number of red-coloured nodules were
determined. All tissue samples were frozen immediately in
liquid N, and stored at —20 °C for subsequent analysis.

2.3. HPLC analysis of carboxylates in root exudates, root
tissue and nodule tissue

Extraction of root exudates from the combined collec-
tion filters was performed by addition of 50 pl of an 18 mM
KH,POy, solution (pH 2.31; used as HPLC eluent) per filter
disc according to Neumann (2007). The extract was used

for high performance liquid chromatography (HPLC)
analysis. Carboxylates were extracted from lateral root
tissue and nodule tissue according to Neumann et al.
(1999). The apical root segments and the nodule tissue were
ground in 5% (v/v) H3PO4 (50 mg root tissue FW ml™').
After centrifugating the homogenate, the supernatant was
diluted 10-fold with the HPLC eluent and subjected to
HPLC analysis.

HPLC analysis of carboxylates from filter papers and
root tissue was performed isocratically on a reversed-phase
C-18 column (GROM-SIL 120 ODS-5 ST, particle size
Sum; length 250 mm, ID 4.6 mm) with a Hypersil ODS
guard column (20mm, ID 4.6 mm; GROM, Herrenberg,
Germany) in the ion-suppression mode (Neumann, 2007).
The carboxylates were identified and quantified by
comparing the retention times and peak areas with
those of known standards and by recording absorption
characteristics.

2.4. Analysis of total amino acid and sugar concentrations in
root exudates

Amino acid and sugar concentrations were determined in
filter paper extracts from root exudates of the collection
dates at 12 and 18 DAS, the same extracts that were
prepared for HPLC analysis of carboxylates. The total
amino acid concentration was analysed fluorometrically
after Jones et al. (2002), using a HITACHI Fluorometer F-
2000 (Colora Messtechnik, Lorch, Germany) with glycine
as a standard. Since the o-phthaldialdehyde-fS-mercap-
toethanol procedure also detects NH; in the samples,
NH. contamination was determined via continuous-flow
fluorometry (Husted et al., 2000) and NH, was subtracted
from the total amino acid concentration according to Jones
et al. (2002).

Total sugar concentrations were determined according
to a modified method of Blakeney and Mutton (1980).
Glucose was used as standard. To determine reducing
sugars and sucrose, 62.5ul of the filter paper extracts,
adjusted to pH 4.8 with 0.1 M NaOH, was mixed with 50 pl
0.2 M sodium acetate buffer (pH 4.8) and 12.5 pul invertase
solution (10mg Yeast Invertase Grade VII+50ml
H,O+50ml 0.2M sodium acetate buffer). The mixture
was incubated for 2h at 30°C to hydrolyse sucrose to
glucose and fructose. Six hundred and twenty five
microlitres of colour reagent (0.03 M hydroxybenzoic acid
hydrazide, 0.05M trisodium citrate, 0.0l M calcium di-
chloride and 0.5M sodium hydroxide) was added to the
sample solution and boiled for 4 min. The cooled coloured
solution was centrifuged at 2500 revmin~' and the super-
natant was measured spectrophotometrically at 415 nm.

2.5. Plant N analysis, microbial biomass and '*C analysis
Aliquots of plant material (oven-dried at 60 °C) and soil

(oven-dried at 105°C) were ground (ball mill) prior to
analysing radioactivity and total plant N (C-N Analyser,
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Carlo Erba, Monchengladbach, Germany). Samples of
ground shoot and root samples (0.1 g) and soil material
(rhizosphere and bulk soil: 0.5-1g) were subjected to
combustion analysis (Biological Oxidizer OV 500; Zinsser
Instruments, Frankfurt/M., Germany); the scintillation
cocktail Carbomax®™ was used to determine radioactivity
by liquid scintillation counting (Tri Carb 2000 CA,
Canberra Packard Co. Ltd, Frankfurt/M., Germany). '*C
in root exudates was determined in the extracts from the
combined filter discs applied onto 6 apical root zones with
the scintillation cocktail (Rothizint® 22 x ; Roth, Karls-
ruhe, Germany), with a mixture of 400 ul extract solution
and 4 ml scintillation cocktail.

Microbial biomass C (C;.) and N (Np,;) was deter-
mined by the chloroform-fumigation-extraction method
(Vance et al., 1987). Microbial biomass was analysed in
duplicate. Fumigated and non-fumigated rhizosphere soil
samples (4 g) were extracted with 16 ml of 0.5M K,SO4 on
a horizontal shaker for 30min at 250revmin~'. After
shaking and centrifugation (30 min at 4560 revmin~"), the
concentrations of extractable C (Ec) and N (Ey) in
aliquots of the supernatants were measured on a Dima-
toc-100 TOC/TN analyser (Dimatec GmbH, Essen, Ger-
many). The '*C activity of another aliquot was determined
by scintillation counting (scintillation cocktail Rothizint®
eco plus, Roth, Karlsruhe, Germany), with a 1 ml aliquot
of the K»,SO, extraction solution added to 10ml of the
scintillation cocktail. The additional extractable C and N,
and '*C counts obtained from the fumigated soils, were
taken to represent the microbial C and N biomass. The
conversion factors kg, =0.45 (Joergensen, 1996) and
kgy = 0.54 (Joergensen and Miiller, 1996) were applied.
The conversion factor 0.45 was also used to calculate *C in
microbial biomass. All "*C measurements were conducted
with two replicates. The '*C partitioning in shoot, root,
rhizosphere soil, bulk soil, as well as in root exudates and
in the microbial biomass in rhizosphere soil was calculated
as a percentage of the total recovered *C in each plant soil
system.

2.6. Extraction and analysis of phenolic compounds

(flavonoids)

The phenolic compounds in germination filters were
extracted by continuously shaking the filter paper rolls in
250 ml HPLC-grade methanol/ethyl acetate (1:1, v/v) for
15h at 4°C. After vacuum evaporation of the solvents, the
extracts were resuspended in 1 ml 100% methanol.

The total phenolic content in extracts of the filter paper
rolls was determined spectrophotometrically at 725nm
according to a modified method after Swain and Hillis
(1959). To 350 pul sample (sample in methanol diluted 1:4
with distilled water), 25ul of Folin and Ciocalteau’s
reagent was mixed. After 3min, 50ul of a saturated
sodium carbonate solution (Na,COj) and 75ul distilled
water were added, with subsequent mixing and an
additional 15min waiting period until a blue colour

developed. The samples were centrifuged for 2min at
12000 revmin~' to separate precipitates from the solution.
Absorbance at 725 nm was recorded immediately. Calibra-
tion standards were prepared with coumestrol. The average
phenolic content of 4 filter paper rolls without plants
(blank) was subtracted from the results.

For flavonoid analysis a 20 ul portion of the solution
(diluted 1:2 with methanol) was injected into an HPLC
system equipped with an Eurospher —100°C18 column
(250 x 3mm, 5Spm, Knauer, Berlin, Germany) and sepa-
rated at a flow rate of 500 ulmin~"'. Gradient elution was
performed by varying the proportion of solvent A [100%
methanol] and solvent B [5% v/v acetic acid]. The sequence
was 30-40% of solvent A during 10 min, 40-60% A during
10-55min and 55-80% A during 55-60 min. The detection
wavelength was set to 270nm for the first 36 min and
360nm for the remaining time. The flavonoids in root
exudates were identified and quantified by comparing the
retention times and peak areas with those of known
standards identified as effective nod-gene inducers (Bola-
fios-Vasquez and Werner, 1997) in root exudates of P.
vulgaris. For identification, wavelength scans and LC/MS
analysis were also performed on a Hewlett Packard HPLC
Model 1100, using a diode array detector (240-600 nm) and
a solvent gradient consisting of a 0.01 M ammonium
formate buffer (pH 4.0) [A] and 100% methanol [B]. A
Phenomex Luna C18:1 (250 x 3mm, 5pm, Phenomenex
Inc., Aschaffenburg, Germany) column was used for
separation at 500 ulmin~' with gradient elution (min/%
A): 0/70; 30/40; 35/30; 40/30. MS analysis of separated
compounds was performed with a VG Platform II
Quadropole electrospray mass spectrometer (Micromass,
Manchester, UK) equipped with an electrospray interface
(ESI). Measurements were carried out in the ESI-mode
(ESI-source temperature 120 °C). The capillary voltage was
set to 3.5kV, cone voltage to 40 V and HV lense voltage to
0.5kV.

2.7. Statistical analysis

Plant biomass, N-nutritional status of the plants,
microbial biomass, flavonoid and total phenol concentra-
tion were calculated on a dry weight basis (drying at 105 °C
for soil samples and at 60 °C for plant material). Calcula-
tion of root exudation refers to the length of the apical root
zones used for exudate collection, and calculation of the
internal root tissue concentration of carboxylates refers to
root fresh weight. The effect of CO,, nitrogen availability
and sampling time on the variables was quantified using
factorial analysis of variance (ANOVA). The calculations
were performed using the STATISTICA software package
(Version 6.0, StatSoft™, Tulsa, USA). Discriminant func-
tion analysis was applied to assess the response of the root
exudate variability to elevated CO,, N availability and
sampling time. The canonical scores for the significant
roots ( = axes) were correlated (Pearson correlation) with
root exudate data to explain which root exudate compound
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discriminates between the treatments. The Squared Maha-
nalobis distances were calculated to determine significant
differences between group centroids. The discriminant
analysis was performed using SPSS version 11 (SPSS
Inc., Chicago, IL, USA). A statistical probability of
P<0.05 was considered significant.

3. Results
3.1. Plant growth and N-nutritional status

There was no significant effect of elevated atmospheric
CO, concentration on shoot and root biomass production
of bean plants during germination in rolls of filter paper
(data not shown) or in rhizobox culture, with exception of
a weak increase in root biomass, mainly of N-sufficient
plants at 12 days after sowing (DAS), and in shoot biomass
at 21 DAS of soil-grown plants (Table 1). Nitrogen
limitation led to reduced N concentrations in plant tissues
of soil-grown plants, which was already detectable in early
stages of plant development at 12 DAS (Table 1). Shoot
nitrogen concentrations of plants with limited N supply
declined below the threshold level for N deficiency of
approximately 20mgg~" shoot dry matter (Marschner,
1995) at 18 DAS, associated with limited aboveground
plant biomass production. Elevated CO, accelerated the
development of N deficiency symptoms, and N-deficient
plants, grown under clevated CO,, reached the threshold
level for N deficiency already at 15 DAS (Table 1).
Nitrogen concentrations in the shoot and root tissues
declined under elevated CO,, both in N-sufficient and -
deficient plants (Table 1). In addition, total N content of
the plants decreased in response to clevated CO, treat-
ments at 15, 18 and 21 DAS (Table 1).

First nodules appeared at 18 DAS. Nodule formation
was primarily confined to N-deficiency treatments, which
were associated with significantly higher nodule biomass,
nodule number (data not shown) and an increased fraction
of leghaemoglobin-producing nodules in elevated CO,
treatments (Figs. 2a and b).

3.2. Root exudation of sugars, carboxylates and amino acids

Sugars were the major class of low-molecular weight
compounds in the root exudates released from apical root
zones of P. wvulgaris, followed by carboxylates (malate,
malonate, citrate and fumarate) and total amino acids
(Table 2). Three-factorial ANOVA using N, CO, and
sampling date as factors showed that the stage of plant
development as well as N supply interacted with CO,
effects (Table 3b). At 12 DAS, a CO,-mediated increased
sugar exudation was restricted to the N-deficiency treat-
ment (Tables 2 and 3b). This effect disappeared at later
stages of plant growth. Malate exudation of N-deficient
plants increased due to elevated CO, at 18 DAS (Table 2
and 3b). Under limited N supply, the highest carboxylate
exudation was detected during early stages of the observa-

tion period (12-15 DAS). Malonate exudation of N-
deficient plants increased at later stages of plant growth
at 18 and 21 DAS (Table 2). In later stages of plant growth
(18 DAS), an N-deficiency-induced decline of amino acid
exudation was detected, but remained unaffected by
elevation of CO,. Bean plants grown under high N supply
increased total sugar and carboxylate exudation in the
apical root zones with increasing plant age.

Discriminant analysis (Fig. 1) including all root exudate
data from the 12 and 18 DAS sampling dates yielded four
axes, which added significantly to the discrimination
between groups (Table 3a). The high Pearson correlation
coefficients of malonate and malate revealed that these
carboxylates were mainly responsible for the separation
along axis 1. DF1 explained 64% of the variation within
the root exudation data set, and DF2 contributed an
additional 21%. Along axis 2, the elevated CO,, low-N
treatment at an early state of plant growth (12 DAS) was
significantly separated from the other treatments. The
separation along axis 2 was mainly caused by sugar
exudation.

3.3. Belowground '*C partitioning and rhizosphere-
microbial biomass

One day after '*CO, labelling (DAL = 15 DAS), plants
limited in nitrogen availability released higher amounts of
assimilated "C into the apical root zone compared with
plants grown under high N supply (F; 20 = 4.71, P<0.05;
Table 4). In addition, more '*C was incorporated into the
microbial biomass at 4 DAL (18 DAS) under N deficiency
(F120=26.88, P<0.001). Elevated CO, significantly in-
creased '“C exudation in the apical root zones of bean
plants grown under N deficiency at 4 DAL (N x CO»:
Fy 0 =4.36, P<0.05).

In contrast, there was no effect of elevated CO, on "C
allocation into the rhizosphere soil, on '*C incorporation
into the rhizosphere-microbial biomass, or on C,,;. in the
rhizosphere soil collected from the whole root system
(Table 4). Elevated CO, temporarily increased Ny,;. in the
rhizosphere soil at 15 DAS only in the N-deficiency
treatments (N x CO,: Fy 59 = 4.46, P<0.05). With increas-
ing N deficiency at later stages of plant growth (21 DAS),
Nmic (Fi20=5.80, P<0.05) and Cpi. (Fj20 = 22.68,
P<0.001) declined in comparison to high N supply
treatments.

3.4. Carboxylate concentrations in root tissue

With increasing plant age, internal carboxylate concen-
trations increased (Table 5). At the beginning of the
observation period at 12 DAS, apical root tissue
(0.5-1.5cm) of bean plants grown under N limitation
contained lower concentrations of malate (Fjy0 = 5.51,
P<0.05), citrate (Fi =591, P<0.05) and fumarate
(Fip0=11.47, P<0.01) compared with plants grown
under high N supply. In contrast, at later stages of N



Table 1
Shoot and root biomass (plant dry matter g) and N-nutritional status of Phaseolus vulgaris grown in rhizoboxes, depending on plant age (DAS = days after sowing), N supply and atmospheric CO,
concentration

DAS CO, (pmol mol™") N Shoot DW (g) Root DW (g) Shoot N concentration Root N concentration Plant N content
(mgg™") (mgg™") (mgplant™")
12 400 + 0.31 (0.013) 0.11 (0.007) 54.64 (1.08) 31.94 (0.92) 20.42 (0.99)
800 + 0.32 (0.018) 0.13 (0.013) 44.85 (0.80) 28.28 (0.52) 18.19 (1.14)
400 — 0.28 (0.008) 0.10 (0.007) 44.95 (3.61) 29.28 (0.33) 15.43 (1.13)
800 — 0.31 (0.006) 0.11 (0.004) 39.68 (1.10) 27.38 (0.27) 15.25 (0.55)
Statistics F-value P F-value P F-value P F-value P F-value P
N 4.27 NS 0.57 NS 13.75 ** 9.71 ** 16.36 wHE
CO, 2.93 NS 4.95 * 14.12 o 23.66 ok 1.51 NS
N x CO, 0.57 NS 0.15 NS 1.27 NS 2.39 NS 1.10 NS
15 400 + 0.44 (0.027) 0.20 (0.016) 47.67 (1.74) 24.36 (0.57) 25.53 (0.86)
800 + 0.51 (0.031) 0.24 (0.005) 37.00 (2.03) 20.71 (0.46) 23.50 (0.37)
400 — 0.40 (0.020) 0.20 (0.007) 29.50 (1.59) 19.46 (0.27) 15.74 (0.87)
800 — 0.44 (0.044) 0.22 (0.023) 20.19 (1.02) 17.84 (0.30) 12.93 (1.34)
Statistics F-value P F-value P F-value P F-value P F-value P
N 3.41 NS 0.50 NS 113.98 HrE 85.83 HHE 121.50 HHE
CO, 2.33 NS 4.18 NS 37.18 ok 39.50 Ak 6.88 *
N x CO, 0.23 NS 0.14 NS 0.17 NS 5.87 * 0.18 NS
18 400 + 0.72 (0.051) 0.27 (0.034) 37.71 (1.98) 22.80 (0.75) 32.74 (1.71)
800 + 0.80 (0.038) 0.35 (0.031) 28.88 (1.41) 19.60 (0.36) 29.79 (1.62)
400 — 0.57 (0.034) 0.26 (0.021) 16.44 (0.63) 15.77 (0.40) 13.54 (0.82)
800 — 0.63 (0.040) 0.28 (0.040) 10.85 (0.50) 13.55 (0.39) 10.78 (1.13)
Statistics F-value P F-value P F-value P F-value P F-value P
N 13.87 ok 1.12 NS 351.01 ok 168.81 ok 195.41 ok
CO, 3.47 NS 2.40 NS 31.68 HEE 29.03 HrE 4.36 *
N x CO, 0.04 NS 1.00 NS 1.60 NS 0.94 NS 0.01 NS
21 400 + 0.88 (0.027) 0.46 (0.018) 28.81 (1.03) 20.62 (0.30) 34.68 (0.72)
800 + 0.98 (0.047) 0.49 (0.028) 24.79 (0.76) 18.00 (0.53) 33.27 (1.22)
400 — 0.77 (0.020) 0.36 (0.015) 10.70 (0.23) 13.14 (0.33) 12.94 (0.24)
800 — 0.86 (0.065) 0.37 (0.024) 7.75 (0.28) 10.58 (0.30) 10.74 (0.75)
Statistics F-value P F-value P F-value P F-value P F-value P
N 6.57 *k 25.20 ok 698.49 ok 391.89 ok 743.53 Ak
CO, 5.66 * 1.42 NS 27.52 ok 47.49 HEE 4.95 *
N x CO, 0.01 NS 0.11 NS 0.43 NS 0.01 NS 0.24 NS

Effects of N and CO, treatment were estimated by two-factorial ANOVA for each single harvest time.
Numbers in parenthesis represent standard error (n = 6). Given are the F-values and level of significance. NS = not significant, "P<0.05, ""P<0.01, " P<0.001.
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Table 2
Root exudation of carboxylates (malate, malonate, citrate and fumarate), total sugars and total amino acids in 0.5-1.5cm apical root zones (first-order
lateral roots) of Phaseolus vulgaris grown in rhizoboxes, depending on plant age (DAS = days after sowing), N supply and atmospheric CO, concentration

DAS CO, (umol mol ™) N Malate® Malonate® Citrate® Fumarate® Total sugars® Total amino acids®
12 400 + 42.7 (15.8) 0 2.2 (0.5) 3.2(0.8) 148.3 (1.7) 53.0 (1.8)
800 + 18.6 (7.8) 0 1.9 (0.8) 2.0 (0.4) 135.1 (10.6) 43.9 (10.2)
400 - 83.2 (10.6) 0 6.5 (1.4) 4.9 (0.7) 134.7 (26.2) 60.3 (5.0)
800 - 97.6 (19.4) 0 5.9 (1.1) 5.4 (1.1 315.3 (28.5) 50.1 (7.8)
15 400 + 28.8 (12.4) 3.0 (3.1) 2.8 (0.4) 1.9 (0.6) ND ND
800 + 31.1 (14.9) 0 3.3 (0.6) 2.2 (0.8) ND ND
400 - 87.4 (19.7) 5.9 (5.6) 3.5(1.2) 52(1.5) ND ND
800 - 105.6 (20.7) 14.7 2.2) 6.3 (2.1) 5.0 (1.0) ND ND
18 400 + 582 (13.2) 0.5 (0.5) 9.2 (1.8) 53(1.5) 256.9 (17.8) 79.8 (12.4)
800 + 75.5 (10.5) 2.0 (2.1 9.7 (1.9) 5.1 (0.7) 270.3 (12.3) 53.1 (8.5)
400 - 64.4 (14.0) 312 (9.4) 3.7(0.7) 4.2(1.5) 224.5 (25.9) 342 (13.4)
800 - 160.6 (39.1) 60.8 (15.5) 6.7 (1.9) 5.8 (1.7) 258.6 (34.7) 42.2 (11.5)
21 400 + 76.9 (12.0) 16.3 (3.5) 11.1 (0.7) 4.9 (0.6) ND ND
800 + 91.6 (27.5) 10.2 (1.9) 9.8 (1.3) 48 (1.8) ND ND
400 - 98.0 (22.5) 89.8 (24.3) 7.6 (2.6) 4.8 (1.1) ND ND
800 - 102.6 (24.5) 84.6 (13.3) 9.0 (1.9) 3.8 (1.4) ND ND

Numbers in parenthesis represent standard error (n = 6). ND = not determined.

*nmolm™" apical root lengthh™".

Table 3
Results of discriminant analysis (a) and three-factorial ANOVA (b) (factors: N, CO, and sampling date) including root exudation in apical root zones
(carboxylates: malate, malonate, citrate, fumarate; total sugars and total amino acids) of Phaseolus vulgaris grown in rhizoboxes at 12 and 18 DAS (days

after sowing)

(a) Discriminant function DF1 DF2 DF3 DF4 DF5 DF6
Wilks‘Lambda 0.017 0.116 0.337 0.583 0.891 0.977
Eigenvalue 5.709 1.902 0.732 0.529 0.096 0.024
Degrees of freedom 42 30 20 12 6 2
Percentage of variance 63.5 21.2 8.1 59 1.1 0.3
Significance of the axis ok HHE *x * NS NS
Canonical correlation coefficient 0.922 0.81 0.65 0.588 0.296 0.152
Pearson correlation coefficients™

Malate 0.4546%* 0.5229 *** 0.0881 NS —0.7151%**

Malonate 0.7812%** 0.3186 * 0.4272 ** —0.1881INS

Citrate —0.3130* 0.3451 * 0.5715 *** —0.6493%**

Fumarate —0.0188 NS 0.3579 * 0.1979 NS —0.4400%*

Total sugars —0.1339 NS 0.9324 *** 0.3208 * —0.0115NS

Total amino acids —0.4181%* —0.0986 NS 0.1975 NS —0.3198*

Malate Malonate Citrate Fumarate Total sugars Total amino acids

(b) Anova Fuvalue P Fuvalue P Fuvalue P Fvalue P Fovalue P F value P
N 15.84 Rk 24.06 k- 0.01 NS 225 NS 3.74 NS 2.52 NS
CO, 3.82 NS 291 NS 043 NS  0.05 NS 11.52 ok 1.95 NS
Sampling date 4.85 * 26.83 ¥** o 11.01 ** 2.29 NS  19.09 **x 0 0.01 NS
N x CO, 4.90 * 2.38 NS 033 NS 1.22 NS 1145 ok 1.55 NS
N x sampling date 0.28 NS  24.06 ¥ 18.79 Rx 278 NS 11.07 ** 6.68 *
CO, x sampling date 5.41 * 2.92 NS 1.25 NS 043 NS  3.58 NS 0.00 NS
N x CO, x sampling date 0.58 NS 2.38 NS  0.57 NS  0.00 NS 747 ok 1.74 NS

(a) Discriminant function: *Denotes the correlation between the discriminating variables and the scores of each discriminant function.

(b) Factorial ANOVA: Given are the F-values and level of significance. NS = not significant, *P<0.05, **P<0.01,

Hokok

P<0.001.
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Fig. 1. Discriminant analysis including root exudation in apical root zones (carboxylates: malate, malonate, citrate, fumarate; total sugars and total amino
acids) of Phaseolus vulgaris grown in rhizoboxes at 12 and 18 days after sowing (DAS), depending on plant age, N supply and atmospheric CO,
concentration (umol mol™"). The labels of the two axes (DF1 and DF2) give the percentage of explained variance as well as the most important factor

responsible for the separation of the data along the corresponding axis.

Table 4

14C partitioning to root exudates of the apical root zone, to the rhizosphere soil, to rhizosphere-microbial biomass, and microbial C and N in rhizosphere
soil collected from the whole root system of Phaseolus vulgaris grown in rhizoboxes, depending on plant age (DAS = days after sowing; DAL = days after

14CO, labelling), N supply and atmospheric CO, concentration

DAS DAL CO, N C exudation Rhizosphere soil
(pmolmol ™) (em™! apical root zone)
(% of total recovered 4c 14Cmic Chic Nmic Chic to
14C0,) (% of total (% of total (ugg'soil  (ugg'soil N ratio
recovered recovered DW) DW)
14C0,) 14C0,)
15 1 400 + 3.1x107% (6.9 x 1079) 4.4 (0.60) 0.22 (0.048) 65.1 (3.4) 20.0 (2.5) 3.6 (0.6)
800 + 42x107*(8.5x 107 3.8 (0.39) 0.23 (0.055) 65.4 (4.4) 16.3 (1.6) 4.2 (0.5)
400 — 6.9%x 107 (2.1 x 107%) 4.7 (0.70) 0.30 (0.045) 62.2 (3.8) 9.9 (0.2) 6.3 (0.4)
800 — 6.4x107* (1.4 x107%) 4.7 (0.72) 0.28 (0.053) 61.1 (5.8) 14.8 (2.1) 4.5 (0.6)
18 4 400 + 29%x 1074 (3.4 x 107%) 2.4 (0.50) 0.28 (0.019) 82.0 (6.3) 12.4 (0.7) 6.6 (0.4)
800 + 2.9x107* (7.8 x 107°) 2.3 (0.75) 0.24 (0.046) 75.3 (4.9) 12.7 (0.5) 6.0 (0.4)
400 - 3.0x107% (2.5x 1079) 3.5(0.43) 0.50 (0.051) 60.2 (7.4) 11.0 (0.7) 5.4 (0.5)
800 — 5.5% 107 (9.0 x 107) 2.9 (0.42) 0.42 (0.041) 64.8 (5.4) 11.7 (0.4) 5.6 (0.7)
21 7 400 + 1.8x 107 (4.4 x 107°) 2.1 (0.33) 0.23 (0.044) 99.5 (6.4) 11.8 (0.6) 8.5(0.4)
800 + 12%x 107 (1.8 x 107%) 2.4 (0.30) 0.21 (0.035) 92.3 (6.4) 102 (0.7) 9.0 (0.4)
400 — 1.9x 107 (4.5x 107°) 2.1 (0.28) 0.29 (0.024) 70.0 (4.1) 9.3 (0.9) 7.8 (0.6)
800 — 22x107* (3.6 x 107°) 2.1 (0.40) 0.25 (0.030) 70.2 (4.3) 9.2 (0.8) 7.8 (0.4)

Numbers in parenthesis represent standard error (n = 6).

deficiency the concentrations of malate (18 DAS:
Fi0=549, P<0.05) and malonate (18 DAS:
Fi0=17.3, P<0.001; 21 DAS: Fj, = 6.80, P<0.05)
increased in the apical root tissue.

Under N limitation, there was a trend for increased
carboxylate accumulation in apical root tissue of plants
grown under elevated CO, and malate as well as malonate
accumulation in nodule tissue was significantly increased
(Figs. 2c and d).

3.5. Root exudation of phenolic compounds and signal

flavonoids

The effect of elevated CO, on release of phenolic

compounds was detected in bean seedlings during germina-
tion in filter paper rolls. The concentration of total
phenolics in root exudates was significantly increased up
to 167% in response to elevation of atmospheric CO,
concentration (Fig. 4). This effect already appeared at early
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Table 5

Carboxylate concentration (malate, malonate, citrate, fumarate) in apical lateral root tissue of Phaseolus vulgaris grown in rhizoboxes, depending on plant
age (DAS = days after sowing), N supply and atmospheric CO, concentration

Fumarate
(pmol g~ ' root FW)

Citrate
(pmol g~ ! root FW)

Malonate
(umol g~ ! root FW)

CO, Malate
DAS (umolmol™") N (umol g~! root FW)
12 400 + 1.19 (0.39)
800 + 0.74 (0.18)
400 - 0.45 (0.15)
800 - 0.39 (0.09)
15 400 + 0.52 (0.08)
800 + 0.79 (0.19)
400 - 0.79 (0.24)
800 - 1.35 (0.43)
18 400 + 1.99 (0.46)
800 + 1.69 (0.24)
400 - 2.58 (0.66)
800 - 3.38 (0.48)
21 400 + 3.67 (1.10)
800 + 3.74 (0.94)
400 - 3.42 (0.60)
800 - 4.13 (0.93)

0.05 (0.03) 0.53 (0.10) 0.007 (0.002)
0.04 (0.02) 0.66 (0.23) 0.007 (0.001)
0.09 (0.03) 0.33 (0.04) 0.002 (0.001)
0.07 (0.02) 0.24 (0.04) 0.003 (0.001)
0.08 (0.06) 0.43 (0.08) 0.005 (0.002)
0.10 (0.03) 0.53 (0.07) 0.009 (0.003)
0.09 (0.04) 0.32 (0.03) 0.004 (0.002)
0.28 (0.08) 0.40 (0.09) 0.007 (0.003)
0.28 (0.07) 0.66 (0.04) 0.017 (0.005)
0.24 (0.02) 0.96 (0.23) 0.014 (0.003)
0.73 (0.19) 0.64 (0.13) 0.015 (0.004)
0.74 (0.10) 0.85 (0.22) 0.018 (0.003)
0.67 (0.15) 1.45 (0.31) 0.027 (0.008)
0.73 (0.23) 2.46 (0.76) 0.040 (0.011)
1.17 (0.23) 0.87 (0.24) 0.026 (0.005)
1.62 (0.44) 0.99 (0.16) 0.031 (0.008)

Numbers in parenthesis represent standard error (n = 6).

stages of seedling development (6 DAS) during unfolding
of the primary leaves and increased up to 10 DAS. In
contrast, under ambient CO,, exudation of total phenolics
was not altered between 6 and 12 DAS.

Single phenolics in the root exudates were identified after
HPLC separation by recording of absorption spectra in
comparison with known standards and by LC-MS analysis
(Figs. 3a—c). The blue-fluorescent flavonoid coumestrol
was identified as the major phenolic compound in the root
exudates of bean seedlings (Fig. 4). Coumestrol was
released along the whole root system, and exudation was
also detectable in soil-grown plants after 20 h-application
of nylon membranes onto the root surface, by induction of
the blue autofluorescence of coumestrol bound at the
membrane surface under UV light of 360 nm (Fig. 3d). The
isoflavonoids genistein, daidzein and isoliquiritigenin have
been identified as important nod-gene inducers in the root
exudates of P. wvulgaris seedlings (Bolafios-Vasquez and
Werner, 1997).

Elevated atmospheric CO, concentration stimulated
exudation of coumestrol, genistein and daidzein already
at early stages of seedling growth (6—-12 DAS).

4. Discussion

4.1. Plant growth, N-nutritional status and C allocation
within the plant rhizosphere soil system

The responses of shoot and root biomass to elevation of
CO, depend not only on plant species, but also on the
plant-nutritional status. In the present rhizobox experi-
ment, P. vulgaris did not show significant alterations of
above- and below-ground biomass production under

elevation of atmospheric CO, (Table 1). This result
confirms earlier reports on CO, reponses of P. vulgaris
(Salsman et al., 1999), whereas growth of other members of
the genus Phaseolus and of many other plant species is
stimulated under elevated CO, (Hodge and Millard, 1998;
Salsman et al., 1999). Greater starch accumulation instead
of investments in plant growth, or increased carbon losses
by respiration and/or root exudation, have been discussed
as possible causes for the absence of growth responses to
elevated CO, in some plant species (Drake et al., 1997;
Cheng and Johnson, 1998).

Despite the absence of growth-stimulating effects,
elevated CO, accelerated the development of N-deficiency
symptoms in Phaseolus beans with limited N supply:
growth limitation and the deficiency threshold of shoot N
concentrations (20mgN g~' DM) was reached three days
earlier (15 DAS) in plants grown under elevated CO,
compared with control plants (18 DAS) (Table 1). More-
over, the total N content of plants treated with elevated
CO, fell by approximately 20%.

%CO, pulse-chase labelling, however, revealed no
increase in overall root exudation of '*C-labelled com-
pounds or in '*C incorporation into rhizosphere micro-
organisms under elevated atmospheric CO, concentrations
(Table 4). Accordingly, no stimulation of rhizosphere-
microbial biomass production was detected. These results
contrast with earlier studies showing strongly enhanced
root-derived C allocation towards microbial biomass (van
Ginkel et al., 2000; Allard et al., 2006), which has been
discussed as possible cause for N limitation of plants by
increased plant-microbial N competition (Diaz et al.,
1993). However, the increase we recorded in rhizosphere-
microbial N (N;.) due to CO, elevation at 15 DAS
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Fig. 2. Nodule biomass (a), number of red, active nodules (b) (containing leghaemoglobin), malate (c) and malonate (d) concentration in nodule tissue of
Phaseolus vulgaris grown in rhizoboxes, depending on plant age (DAS = days after sowing), N supply and atmospheric CO, concentration. Presented are
means and standard errors. Significant effects of the factors N and CO, are presented as F-values and level of significance ("P<0.05, ~"P<0.01,

sk

indicates at least a short-term-enhanced sequestration of N
by the rhizosphere-microorganisms under conditions of
low N supply.

The N-nutritional status of the plants seemed to be more
important for rhizosphere-microbial abundance than the
CO, treatments. Four days after labelling (18 DAS), N
deficiency increased the fraction of root-derived C alloca-
tion towards microbial biomass in the rhizosphere. The
observed pattern of '*C partitioning is consistent with the
data reported by Bazot et al. (2006) for spring sampling of
rye grass (2 DAL). This indicates that high N supply
stimulated the allocation of recently assimilated C to

P<0.001) estimated by a two-factorial ANOVA for each single harvest time.

shoots (data not shown) and reduced belowground-
translocation, whereas elevated CO, had no effect.

4.2. Root exudation in apical root zones

Since the proportion of root-derived carbon in rhizo-
sphere soil collected from the whole root system was
unaffected by CO, treatments, we also investigated the
localised accumulation of root exudates in 0.5-1.5cm
apical root zones of first-order lateral roots, with young
root hairs as the major sites for attraction and root
infection by the microsymbiont (Werner, 2000). Effects of
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elevated CO, on root exudation were restricted to apical
root zones of N-deficient bean plants (Tables 2, 3, Fig. 1).
A greater proportion of assimilated '*C in root exudates
collected at 4 DAL = 18 DAS (Table 4), as well as the
increased root exudation of total sugars (12 DAS) and of
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malate as the major organic acid (18 DAS) (Table 2),
suggest that, under N limitation, a higher proportion of the
additional photosynthates assimilated at elevated CO, was
allocated to apical root zones. Since the exudation of total
amino acids remained unchanged (Table 2), the low-
molecular weight fraction of exuded compounds may
exhibit a shift to higher C/N ratios under elevated CO,
concentrations, which has been similarly reported by
Grayston et al. (1998).

However, nitrogen fertilisation effects on root exudation
in apical root zones were more pronounced than CO,
effects. One day after labelling (15 DAS), the amount of
assimilated '*C in exudates collected from apical root zones
was enhanced in the variants with limited N supply. This
was also observed for carboxylate exudation during early
stages of N limitation (12-18 DAS), with malate, malonate
and citrate as major carboxylates. Particularly, malate is
well known as a moderately potent chemo-attractant for
rhizobia in the rhizosphere and it is the major carbon
source for bacteriods (Yurgel and Kahn, 2004), whereas
antimicrobial functions against pathogens and herbivory
have been discussed for the succinate dehydrogenase
inhibitor malonate (Li and Copeland, 2000). Since plants
can retrieve released amino acids (Jones et al., 2004), higher
re-absorption may have contributed to lower amino acid
concentrations in root exudates of N-deficient plants.

With increasing plant age, high N supply enhanced the
root exudation of carboxylates, total sugars and total
amino acids (Table 2); it also increased the internal
carboxylate concentration of the apical root tissue
(Table 5). Similarly, Henry et al. (2005) reported that high
N fertilisation increased C release from roots of five-weeks
old Lolium multiflorum.

4.3. Nodule formation and carbon supply to the micro-
symbiont

Elevated CO, induced a significantly higher number,
biomass and an elevated fraction of leghaemoglobin-
producing nodules. This reflects promoted Rhizobium—
plant interactions, particularly in the N-deficient bean
plants (Fig. 2). Similar results were reported by Zanetti
et al. (1996), Schortemeyer et al. (2002) and Feng et al.
(2004). Marilley et al. (1999) and Hartwig et al. (2000)
assumed that the resulting increased symbiotic nitrogen
fixation can counterbalance CO,-induced N limitation of

Fig. 3. High-performance liquid chromatography (HPLC) profile (a),
liquid chromatography-electrospray ionization-mass spectrometry (LC—
ESI-MS) [M-H] ion (b), UV spectra (c) of major phenolic compounds
(nod-gene-inducing flavonoids: 1 liquiritigenin, 2 daidzein, 3 naringenin, 4
genistein, 5 isoliquiritigenin, 6 coumestrol) in root exudates of Phaseolus
vulgaris seedlings grown in filter paper 6 DAS (days after sowing).
Fluorescent flavonoid root exudates collected (d) from soil-grown
Phaseolus vulgaris in rhizoboxes by 20 h-application of nylon membranes
onto the root surface. Blue auto-fluorescence of coumestrol (picture
presented in grey scales, blue auto-fluorescence = white-coloured areas)
induced by UV 360 nm.
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Trifolium repens. In the present study, however, the relative
contribution of symbiotically fixed N to the total plant
nitrogen under elevated CO, is expected to be negligible
because only the early stages of nodule development were
covered during the 3-week culture period. Moreover,
P. vulgaris is considered as a legume species with poor
performance of symbiotic nitrogen fixation (Piha and
Munns, 1987).

Several mechanisms may explain the increased nodule
formation under elevated CO,: (1) an altered number of
infection sites, (2) changes in carbohydrate supply to the
micro-symbiont, and (3) increased root exudation of signal
compounds.

In this study, root biomass production was not affected
by elevated CO, (Table 1). Nonetheless, an increase of
possible infection sites, such as root hairs and lateral root
tips, or alterations in root hair development, cannot be
excluded because root morphology was not investigated.
However, enhanced malate exudation of N-deficient plants
at elevated CO, (Table 2) and higher malate accumulation
in nodules (Fig. 2c)—which also occurred to a lesser extent
in the apical root tissue (Table 5)—may reflect an improved
supply of nodules with carboxylates. Our findings agree
with those of Cabrerizo et al. (2001), who observed higher
malate, sucrose and starch concentrations in nodules. This
suggests that carbon flux increases in nodules grown at
enriched CO, concentrations. We also provide the first
report on strongly increased malonate accumulation in
nodules of N-limited plants exposed to eclevated CO,
(Fig. 2d). Although the exact mechanism of malonate
action in nodules during symbiotic N, fixation remains
unclear (Kim and Kang, 1994; Li and Copeland, 2000),
recent findings suggest that R. leguminosarum bv. Trifolii
mutants, lacking enzymes for malonate metabolization,
lost the ability to establish a functional symbiosis with
Trifolium (Kim, 2002). This points to an essential function
of malonate in symbiotic N, fixation. The role of CO»-
induced alterations in exudation and intracellular accumu-
lation of malonate remains to be established.

4.4. Root exudation of phenolic signal compounds for the
plant—Rhizobia symbiosis

An alternative explanation for the increased nodule
biomass under elevated CO, was hypothesised in a
previous study of Marilley et al. (1999), assuming increased
root exudation of phenolic signals under CO, enrich-
ment, involved in the establishment of the Rhizobium
symbiosis. Montealegre et al. (2000) also linked elevated

Fig. 4. Root exudation of total phenolics and nod-gene-inducing
flavonoids (coumestrol, genistein, daidzein, isoliquiritigenin) in response
to elevated CO, and plant age of Phaseolus vulgaris seedlings germinating
in filter papers. Presented are means and standard errors. Significant
effects of the factors CO, and plant age (DAS = days after sowing) are
presented as F-values and level of significance ("P<0.05, “"P<0.01,
" P<0.001) estimated by a two-factorial ANOVA.
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COs,-mediated changes in the genetic structure of R.
leguminosarum populations isolated from root nodules to
altered chemical signals released into the soil by clover
roots. Accordingly, the present study provides the first
report on CO,-stimulated root exudation of total phenolics
and of nod-gene-inducing flavonoids (genistein, daidzein
and coumestrol) in a leguminous plant (P. vulgaris, Figs. 3
and 4). The major compound was coumestrol, which was
released over the whole root system (Fig. 3d) and may
additionally function as an antimicrobial compound
(Dakora and Phillips, 1996; Bolanos-Vasquez and Werner,
1997, Werner, 2000). Surprisingly, the CO, effect was
already detectable during germination of very young
seedlings (6 DAS) with emerging primary leaves, even
prior to transfer into soil culture and independent of N
treatments, which were applied only in soil culture (Fig. 4).
Since different groups of phenolics were influenced in a
similar manner, these findings suggest that the elevated
phenolic exudation may not primarily be related with
adaptive responses to N limitation. Excess intracellular
accumulation of carbohydrates in the young seedlings
without N supply, by stimulation of photosynthesis under
elevated CO, in combination with high seed reserves, may
stimulate existing biosynthetic pathways for the various
phenolic compounds associated with increased root exuda-
tion. Increased intracellular accumulation of phenolics as
drainage for excess carbon has been frequently reported as
a response to high sugar concentrations in growth media
(Yamakawa et al., 1983), limitation of N and P (Chishaki
and Horiguchi, 1997; Plaxton, 1998), anthocyanin forma-
tion in autumn leaves (Ford, 1986), and also under elevated
atmospheric CO, concentrations (Castells et al., 2002;
Peltonen et al., 2005). Increased root exudation of signal
flavonoids under elevated CO, may, therefore, be regarded
as an indirect response with potential stimulatory effects on
N, fixation. Exogenous application of signal flavonoids by
seed dressing to increase symbiotic N, fixation is already
used in commercial fertilizer preparations (Agri-Biotics
Inc. Canada). Clearly, a stimulating effect of increased
flavonoid exudation remains to be established in future
studies.

5. Conclusions

In contrast to the initial hypothesis, assuming that
elevated atmospheric CO, concentrations increased plant-
microbial N-competition in the rhizosphere due to
enhanced root exudation with a subsequent stimulated
microbial growth, in the present study there was no
indication for a general increase in total root exudation.
Our results suggest a more selective stimulation of factors
involved in establishing and maintaining the rhizobium
symbiosis at elevated CO,. This was expressed in increased
exudation of signal flavonoids, elevated root exudation and
increased tissue concentration of carboxylates in apical
root zones and in nodules. The relative importance of these
factors in stimulating symbiotic N, fixation, along with a

potential contribution of altered root morphology, remains
to be established. Further studies are necessary to
investigate whether similar responses can also be expected
in other leguminous plant species and under different soil
conditions.
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