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Abstract

Rhizodeposition, i.e. the release of carbon into the soil by growing roots, is an important part of the terrestrial
carbon cycle. However the in situ nature and dynamics of root-derived carbon in the soil are still poorly understood.
Here we made an investigation of the latter in laboratory experiments using 13CO2 pulse chase labelling of wheat
(Triticum aestivum L.). We analyzed the kinetics of 13C-labelled carbon and more specially 13C carbohydrates in
the rhizosphere. Wheat seedlings-soil mesocosms were exposed to 13CO2 for 5 hours in controlled chambers and
sampled repeatedly during two weeks for 13C/C analysis of organic carbon. After a two-step separation of the soil
from the roots, the amount of total organic 13C was determined by isotope ratio mass spectrometry as well as the
amounts of 13C in arabinose, fructose, fucose, glucose, galactose, mannose, rhamnose and xylose. The amount and
isotopic ratio of monosaccharides were obtained by capillary gas chromatography coupled with isotope ratio mass
spectrometry (GC/C/IRMS) after trimethyl-silyl derivatization. Two fractions were analyzed : total (hydrolysable)
and soluble monomeric (water extractable) soil sugars. The amount of organic 13C found in the soil, expressed as
a percentage of the total photosynthetically fixed 13C at the end of the labelling period, reached 16% in the day
following labelling and stabilised at 9% after one week. We concluded that glucose under the form of polymers
was the dominant moietie of rhizodeposits. Soluble glucose and fructose were also present. But after 2 days, these
soluble sugars had disappeared. Forty percent of the root-derived carbon was in the form of neutral sugars, and
exhibited a time-increasing signature of microbial sugars. The composition of rhizospheric sugars rapidly tended
towards that of bulk soil organic matter.

Introduction

The release of organic compounds from growing roots
into the soil, a phenomenon called rhizodeposition,
is a very significant flow in the terrestrial carbon
cycle. Expressed as a proportion of the net primary
production of ecosystems, rhizodeposition has been
reported to frequently reach values in the range 8 to
12% (Grayston et al., 1996; Nguyen, 2003). It is
therefore expected that rhizodeposed carbon contrib-
utes in similar proportions to the soil carbon budget,
i.e., to heterotrophic respiration, soil organic matter
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formation or primings (Kuzyakov, 2002). The fluxes
of total carbon released into the soil by roots have
been typically estimated in several ecosystems using
isotopic labelling of assimilated CO2 by 14C (Nguyen,
2003; Warembourg and Paul, 1977) or 13C (Palta and
Gregory, 1997). To take into account this part of the
carbon cycle in soil carbon models, the knowledge of
the nature of rhizospheric compounds and their rates
of biotransformations would ideally be required. Be-
cause rhizodeposition includes a great variety of low
molecular weight compounds, proteins, mucilages,
cell lysates and wall constituents (Rovira et al., 1979),
there is a need of bulk characterization and quantifica-
tion of the molecules that are released into the soil by
the roots, and of their products of biotransformation.
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The bulk nature of low molecular weight exudates is
better known at present by profiling approaches of root
solutions in hydroponic cultures (Fan et al., 2001).
However the extrapolation of such experiments to in
situ conditions is limited by the absence of the soil
environment, where the physical, nutritional, chem-
ical and microbial factors have a determinant impact
on the exudation (Meharg and Killham, 1995; Palta
and Gregory, 1997). The extraction of the rhizosphere
solution has brought important insights to the in situ
nature of exuded compounds (Neumann and Römheld,
2001), but macromolecular and insoluble compounds
are generally not quantified.

Our present study is an attempt to investigate the
nature and dynamics of root-derived carbon in the
soil by coupling pulse-chase isotope labelling of pho-
toassimilated 13CO2 with the subsequent quantitative
analysis of labelled molecules in the soil. We invest-
igated the pool of neutral sugars, which is cited as
the most abundant family of exudates (Merbach et al.,
1999), and constitutes a significant portion of soil or-
ganic matter (Oades et al., 1970). Winter wheat seed-
lings and the plowed horizon of a cambisol cultivated
for continuous wheat were chosen as model materials.
We carried out pulse-labelling which enables the ac-
cess of the dynamic fluxes of carbon through the plant
to the soil and in the rhizosphere. The use of 13C al-
lowed the determination of compound specific isotope
ratios by gas chromatography/combustion/isotope ra-
tio mass spectrometry (GC/C/IRMS). The technique
has been developed to separate molecular compounds
in a gas chromatography column before oven com-
bustion so as to analyze the 13C/12C ratio of each
individual compound. The analysis of neutral sugars
by gas chromatography requires a derivatization of
the polar groups and involves the addition of several
unlabelled carbon atoms per sugar. Different tech-
niques have been applied to GC/C/IRMS for various
monosaccharides in biogeochemistry. Alditol acet-
ate derivatization was used by Macko et al. (1998)
and the methylboronic derivatization, which reduces
the number of added atoms was adapted recently by
van Dongen (2001). Here we used trimethylsilyla-
tion. Despite the addition of numerous carbon atoms
trimethylsilylation appeared convenient for labelling
experiments (Derrien et al., 2003), and can be used
in the common analysis of other polar compounds.
We applied it to the study of the dynamics of neutral
monosaccharides in two pools of rhizospheric carbon
: soluble monomers and total hydrolysable sugars.

Materials and methods

Plant culture

The experiment was carried out in the laboratory with
winter wheat (Triticum aestivum L. cv Taldor) on
an eutric cambisol continuously cultivated for winter
wheat for eight years at the experimental field of
the Institut National de la Recherche Agronomique at
Versailles (Ile-de-France, France). Topsoil is charac-
terized by (g kg−1): clays 0–2 µm (174 ± 9), fine silt
2–20 µm (208 ± 7), coarse silt 20–50 µm (323 ± 31),
fine sand 50–200 µm (243 ± 25), coarse sand 200–
2000 µm (52 ± 3), organic carbon (13.5 ± 1.2) and
nitrogen (1.27 ± 0.06). Its water pH is 6.8 ± 0.2, its
CEC 120 ± 3 meq kg−1, the exchangeable cations are
(meq kg−1) Ca2+ (112 ± 3), Na+ (0.6 ± 0.3), Mg2+
(8.8 ± 0.5), and K+ (5.1 ± 1.1). The soil was sieved
at 2 mm and adjusted at 0.18 g water g−1 dry weight.
This water content corresponded to a matric potential
of 0.1 MPa in this soil. Two hundred grams dry weight
were then placed into cylindro-conical pots (height
180 mm, diameter 49 to 42 mm). One plant of wheat
was sown per pot. The shape of the pot had optimized
the development of a dense root net, what interested
us in our study.

Nineteen plants were grown in a chamber equipped
for automatic control of light, temperature, mois-
ture, evapotranspiration, irrigation and CO2 concen-
tration (chambers developed by the Groupement de
Recherches Appliquées en Phytotechnologie, CEA
Cadarache, France). The day-night period was set at
12/12 hours, light was 400 µmol photons m−2 s−1,
day temperature was 23 ◦C and night temperature
20 ◦C, air moisture was adjusted at 80% and CO2 con-
centration was maintained at 350 µL L−1. At least,
soil moisture was manually controlled.

The respect of CO2 partial pressure was assured
by gas injection when CO2 was consumed by photo-
synthesis or by gas trapping when CO2 was released
by respiration. Injections and trapping being meas-
ured, it was possible to quantify the wheat culture
carbon fluxes. Three weeks after germination, the
seedling at tillering stage photosynthetised 4 mL CO2
hour−1 plant−1 and respired 0.5 mL hour−1 plant−1 at
night.

13CO2 pulse labelling

The pulse labelling was proceeded three weeks after
germination on fifteen of the wheat plants, chosen for
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homogenous size. One plant was used for the refer-
ence of unlabelled isotopic composition. The plants
were exposed during 5 h to CO2 with an abundance of
ca. 70% 13CO2. The 13C enrichment was performed
as follow. First, the CO2 concentration of the cham-
ber housing the fifteen wheat plants was lowered to
80 µL L−1 by flushing it with CO2-free air. After that,
pure CO2 with an abundance of 98.9% 13C (Euriso-
top) was quickly injected so that CO2 concentration
reached about 350 µL L−1. This should happen rap-
idly (in 2 min) to prevent CO2 lack stress. Then,
during the 5 h pulse-labelling, 13CO2 was injected at
a constant rate to balance the net expected fixation of
CO2 (photosynthesis - respiration) of the 15 seedlings.
At last, enriched CO2 was instantaneously flushed by
opening the chamber to room air and the chamber was
thereafter continuously flushed with 13CO2-free air to
avoid photoassimilation of respired 13C.

Plants and soil samples separation

To determine the kinetics of rhizodeposition, plants
and soils harvests occurred at 5, 24, 48, 183 and 354 h
after the beginning of the labelling. At each time, 3
pots were chosen randomly. The shoots were clipped
and the roots were separated from the soil in a two
step procedure. The method should allow to recover
the soil material adhering to the roots, and avoid that
fragments of roots remain in the soil, what would
considerably dodge the estimation of rhizodeposition.
At first, the rooting systems were manually separ-
ated from the soil and gently washed with ca. 40 mL
K2SO4 0.025 M over a sieve. The rinsing suspension
was added to the soil. Then, the soil was put in suspen-
sion K2SO4 0.025 M during 15 min and sieved over a
500 µm mesh sieve so that small roots were separated
from soil. K2SO4 0.025 M was chosen as a dispersing
agent because it is isotonic for root cells and achieves
a good dispersion of clay material.

The K2SO4 solution was separated from the sed-
iment by centrifugation (1600 × g) during 20 min.
Both fractions were freeze-dried separately for further
processing. The K2SO4 solution will be referred as
the ‘soluble’ fraction. The total soil material was re-
constituted from the two freeze-dried fractions pooled
together and will be referred as ‘soil’. Shoots and
roots were oven dried at 60 ◦C and ground finer than
250 µm. Oven-dried shoots and roots like of soil frac-
tions were intended for total C and 13C analysis. Soil
and the water-soluble fraction were moreover meant
for sugar 13C determinations.

Preparation of sugars

Prior to gas chromatograph analysis, soil sugars were
hydrolyzed into their monomers. The hydrolysis of
polysaccharides into monosaccharides should release
a maximum of monosaccharides but has to minimize
alteration and recombination of sugars with other or-
ganic compounds. We used the methods of Oades et al.
(1970) and Larre-Larrouy and Feller (1997) recom-
mending the use H2SO4 in sequential treatment. A first
hydrolysis allowed the release of non-cellulosic car-
bohydrates, then in a second stage, cellulosic material
was hydrolysed.

Soil (2.5 g) was refluxed with boiling 2.5 M

H2SO4 for 20 min and vacuum-filtered through a glass
fiber filter (GF/C Whatman cat no. 1822125). The
soil remaining on the filter was then soaked in 2 mL
H2SO4 12 M during 16 h, at room temperature. Then,
after dilution of the acid to 0.5 M , it was refluxed for
5 h. The second hydrolysate was collected by the same
filtration process than before and added to the first hy-
drolysate. Myoinositol was brought in the hydrolysate
as an internal standard for further sugar quantifica-
tion. Then SrCO3 was added to the warm solution in
stoechiometric proportions to neutralize the solution.
The SrSO4 precipitate was rinsed several times on
glass fiber filter with distilled water. This neutraliza-
tion also stood for a purification of the hydolysate from
the high quantities of sulfate and soil minerals-derived
inorganic impurities such as Al, Si, Fe. Finally, the
solution so obtained was dried under vacuum.

The soil hydrolysates corresponding to 0.5 g of
soil or soluble fraction containing ca. 30 µg of
carbohydrates were dissolved in 200 µL 1-methyl-
pyrrolidinone (NMP) for 30 min at 60 ◦C for equilib-
ration of anomeric forms. The derivatization of sugars
was finally performed by adding hexamethyldisilazane
(HMDS) in trimethylchlorosilane (TMCS) and pyrid-
ine (3:1:9 v/v/v; Supelco, sylon HTP, 250 µL) during
20 min at 60 ◦C.

Analytical methods

Total carbon and 13C/C of solids (soil, water-extract,
roots and shoots) were determined using an Ele-
mental Analyser (elemental analyser Flash EA, Ther-
moFinningan) coupled to an Isotope Ratio Mass Spec-
trometer (IRMS, Deltaplus, ThermoFinnigan).

Sugars separation was achieved after Larre-
Larrouy and Feller (1997) on a Trace GC Gas Chro-
matograph (ThermoFinningan). The capillary column
was a DB5 (30 m · 0.25 mm i.d. · 0.25 µm film),
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Figure 1. Chromatogram of soil sample hydrolysate (trimethylsilylated compounds).

using helium as carrier gas (constant column flow :
16.2 mL min−1). The injector temperature was held to
265 ◦C in the split-mode (split ratio 1:40). The column
temperature program started at 170 ◦C and ended at
230 ◦C with a 4 ◦C min−1 increment and a 4 minute
step at final temperature. Isotope ratio mass spectro-
meter was the detector (Deltaplus, ThermoFinnigan).

An aliquot of 1 µL of derivatized sample was in-
jected into the column. In the GC/C/IRMS analysis,
the column effluent was driven to an oxidation furnace
consisting in CuO, NiO and Pt wires at 950 ◦C. They
allowed the combustion of molecules to CO2, H2O
and nitrogen oxides. CO2 entered the continuous flow
IRMS and provided 13CO2 enrichment values for each
kind of molecule separed by GC. Standard sugars (ar-
abinose, xylose, ribose, fucose, rhamnose, galactose,
fructose, mannose, glucose and sucrose with myoin-
ositol as an internal standard) prepared as soil samples
were used for identification and calibration. These
sugars in their various anomeric forms showed dif-
ferent retention times which were compared to those
of soil samples (Figure 1). The concentrations of soil
sample sugars so-identified were determined relatively
to myoinositol, and corrected from the GC response
factor. Some glucose- and rhamnose-spiked prepara-
tions were as well tested to check the effect of the
neutralisation-derivatisation process on sugar extrac-
tion yields and to valid the non-dependence of the

latter on sugars nature or amount. For the determ-
ination of isotopic ratios, the 13C enrichment value
adopted was the one of the best defined peak among
the different anomers of each sugar.

Notations and calculations

The 13C atomic abundance, expressed in percent and
noted AT 13C(%), is defined as

AT13C(%) =13C/(13C +12 C) · 100.

In our experiment, we had artificially enriched the
soil-plant system in 13C. What interested us was also
the part of the 13C we had injected that remained in the
system. That means the excess of the 13C form com-
pared to a natural unlabelled environment. The excess,
noted E 13C(%) was calculated as

E13C(%) = AT13C(%)labelled − AT13C(%)unlabelled.

Consequently the 13C quantity in whatever analysed
fraction corresponds to the total carbon amount of a
solid fraction (EA data) or of a molecular fraction (GC
data) multiplied by the isotopic excess (given by the
IRMS).

Trimethylsilylation involved the addition of sev-
eral carbon atoms per sugar. These atoms have to be
taken into account in the estimation of the carbon
isotope ratio. In a previous study, we demonstrated
that the number of analyzed methyl-silyl carbon atoms
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Figure 2. Dynamic allocation of fixed 13C to plant and soil com-
partments. Time 0 refers to the beginning of the labelling period.
‘TI 13C’ refers to the amount of organic 13C (4 mg mesocosm−1) at
the end of the labelling period (5 h). Bars correspond to the standard
deviation of 3 different mesocosms sampled at each date.

wasn’t stoechiometric, due to incomplete derivatiza-
tion and/or incomplete oxidation of methylsilyl carbon
before IRMS (Derrien et al., 2003). We therefore
calculated the isotopic ratio of each sugar using a spe-
cific calibration based on the analysis of standard and
natural pentoses and hexoses of known 13C enrich-
ments. Using this calibration, the isotope excess of
enriched samples could be determined with a relative
error of 5% or less (Derrien et al., 2003), which was
considered as sufficient for the present study.

Results

Allocation of photoassimilated carbon

During the two weeks of the experiment following
pulse labelling, the wheat biomass had increased.
The dried shoot mass passed from 176 ± 6 mg to
369 ± 22 mg whereas the dried roots mass raised from
138±24 mg to 330±47 mg. The regression of biomass
over time indicates an average daily mass increase of
28 mg day−1 plant−1 during the experiment.

The kinetic allocation of 13C photoassimilated car-
bon in shoots, roots and soil was determined by
EA-IRMS. Respired labelled 13CO2 wasn’t measured
in this experiment. In Figure 2 it can be seen that
total organic 13C decreased by ca. 20% throughout
the experiment. This carbon loss can be attributed to
respiration, but doesn’t represent all the respiration
of labelled C : most of plant respiration of fixed car-
bon generally occurs very rapidly (Warembourg et al.,

2003), and part of it happened during the 5 h-long
labelling phase. So the exact flow of gross photosyn-
thetic fixation was unreachable here. For this reason,
the amounts of 13C in the various compartments are
expressed as a portion of the total organic 13C at
the end of the 5 h labelling (Total Initial 13C), noted
TI13C. This TI13C corresponded to 4.0 ± 0.3 mg 13C
per plant.

Just after the assimilation the 4 mg of photoassim-
ilated 13C were mainly localised in shoots (70% of
the total). However, a non-negligible proportion had
already been transferred to the belowground compart-
ment: 20% of 13C were localised in roots, 10% in soil.
The high proportion of 13C in the shoots decreased
rapidly during the first 48 h following the assimilation
and was stabilized at 30% of the TI13C until the end
of the observation. On the contrary, an increase of 13C
content was observed in roots. Forty-eight hours after
the beginning of labelling, the 13C in roots represented
50% of the TI13C. The tendency after 2 days was as
well a stabilization of the 13C quantity, with a very
low decrease. Allocation of 13C to soil reached 16% of
the TI13C 24 h after the pulse labelling, and stabilized
thereafter to 9% of it. Finally, the distribution of 13C in
compartments two weeks after labelling, expressed as
proportions of the total 13C at this date was as follows
: shoots 33±5%; roots 56±4%; soil organic 10±1%.

Rhizospheric sugars identification

Once the carbon balance had been established on the
different compartments of the system, we focused on
the soil compartment. The gas chromatography cal-
ibrations that we performed allowed us to identify
and quantify seven monosaccharides commonly attrib-
uted to the soil environment (Chantigny et al., 2000)
(Table 1). The amount of sugars in soil samples ex-
hibited no significant differences among dates and
plants. This constancy is in agreement with the large
and constant amount of soil organic matter concerning
total sugars. So the identified monosaccharides total-
ized 2.6 mg of sugar per gram of soil, what is about
1.1 mg C g−1 of soil. They constituted almost 10%
of soil organic matter here. Among them, glucose was
the dominant moiety (37%). Mannose and galactose
represented 17 and 15%, respectively of the analyzed
sugars. Arabinose, xylose and rhamnose contributions
were less important (12, 9 and 7%) while very few
fucose (3%) and no fructose were identified.
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Table 1. Identification and quantitfication of main soil and root monosaccharides. Amounts are
expressed in mg.g−1 of soil or root dry matter. n.d.: not determined

Arabinose Xylose Rhamnose Fucose Mannose Galactose Glucose

Soil 0.295 0.222 0.144 0.187 0.432 0.382 0.940

Root 39 169 <10 n.d. <20 55 220

Figure 3. Dynamics of soil labelled sugars. a : Total soil carbon,
sum of neutral sugars and glucose. b : Minor sugars. The two first
points for mannose are not presented, due to possible confusion with
fructose. Sames axes as in Figure 2. Bars correspond to the standard
deviation of 3 different mesocosms sampled at each date.

Dynamics of rhizospheric sugars

The dynamics of soil labelled sugars are presented on
Figures 3 a and b. Amounts of labelled glucose were
10 times larger than the 13C from others monosacchar-
ides. Labelled monosaccharides, i.e. monosaccharides
built from rhizodeposed organic carbon, exhibited dif-
ferent dynamics. Labelled glucose already amounted

Figure 4. Dynamics of labelled monomeric sugars in the water sol-
uble fraction. Same axes as in Figure 2. Bars correspond to the
standard deviation of 3 different mesocosms sampled at each date.

to 6% of the TI13C at the end of the 5 h labelling (Fig-
ure 3a). This proportion peaked at almost 8% one day
after labelling, decreased very quickly the day after
and remained stable at 2–3%.

Amounts of 13C galactose, xylose and arabinose
evolved in a different way and without sharp variations
(Figure 3b). They reached their maxima one week
after labelling (galactose corresponding to 5.10−3 of
TI13C, xylose to 4.10−3 of 13C and arabinose to
3.10−3 of it). Very small declines of these propor-
tions were observed during the second week of the
experiment.

At last, even if very small amounts of labelled
rhamnose had been detected (between 1.10−4 and
1.10−3 of the TI13C), a small peak had been noted
one day after labelling. 13C fucose quantification
wasn’t possible because of too small quantities and
consequently too bad defined peaks. Due to possible
overlapping of peaks from fructose and mannose, the
estimation of the 13C amount of these sugars was more
difficult (see discussion).

The analysis of the soluble fraction provided com-
plementary information. Kinetics are reported on Fig-
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ure 4. In this fraction we only identified some glucose
and fructose at a ratio close to 1:1. Both of them be-
haved in the same way. After the end of the pulse
labelling, soluble monomeric labelled glucose repres-
ented 7.10−3 of TI13C and soluble monomeric labelled
fructose 5.10−3 of it. They both peaked at 1.2.10−2 of
TI13C the day after and brutally decreased to 2.10−3 of
TI13C 48 h after labelling. The amount of 13C-sucrose
in the 24 h extract was also determined and was al-
most nil. The amount of soluble monomeric glucose
(sum of labelled and unlabelled) increased during the
experiment from 4 to 7 µg g dry soil−1, according to
plant growth.

Discussion

Evaluation of the method

Characterization of labelled carbon left in the rhizo-
sphere after pulse labelling experiments in real soil
conditions, using either 14C or 13C, are virtually ab-
sent in the literature. Our case study based on 13C
labelling and IRMS can serve as an evaluation of the
method we used for this characterization. In essence,
we used hydrolysed soil organic matter as a diluter
of the labelled rhizospheric sugars. This specific ap-
proach had advantages and possible drawbacks. One
of the advantages was the ability to analyze, under real
soil conditions, the total carbon in the soil independent
of any method of extraction of the rhizospheric part
of soil compounds. Another advantage concerned the
sensitivity of the final result, i.e., the amount of 13C-
sugars. Due to the constancy of the amount of the
diluter (here soil organic sugars) throughout the exper-
iment, the estimate of labelled sugars depended only
on the variations in the isotope ratio, and not on vari-
ations in the amount of the molecule, giving a high ro-
bustness in the kinetics. A disadvantage of this dilution
was the difficulty in searching for labelled compounds
that are present only in trace quantities in soil organic
matter. This might be the case of 13C-fructose, which
was clearly detected in the water extract, but couldn’t
be assessed in the bulk sample due to the very small
fructose content in soil organic matter. We also eval-
uated the risk of having missed some important 13C
labelled compounds in the trimethyl-silylated hydro-
lysate, by calculating the excess amount of 13C over
the whole GC chromatogram including the baseline.
We could therefore estimate that the analyzed neut-
ral sugars represented more than 90% of the labelled

carbon in the GC chromatogram, and revealed a few
highly labelled uncharacterized molecules (data not
shown).

Trimethylsilylation of sugars presented the ad-
vantages of rapid preparation and of being a proven
process. Numerous applications of this method ex-
ist for the identification of sugars in soils and sed-
iments (Amelung et al., 1996; Larre-Larrouy and
Feller, 1997; Ogier et al., 2001). The difficulty in the
identification due to the presence of several anomers
was partially overcome by the constancy of the ra-
tio between anomers and the use of a single peak for
the isotope ratio measurement. Finally, this analysis
of silyl-derivatized compounds appeared convenient,
but required a specific calibration of the number of
methyl-silyl carbon atoms measured by IRMS (Der-
rien et al., 2003). The uncertainty on the isotope excess
associated with this calibration was less than 5% rel-
ative to the estimated excess, and constant for a given
sugar. We finally evaluated this error as negligible in
comparison to other sources of variations or artifacts.

One possible source of error was the potential co-
elution of molecules at the same retention time in
the GC, and risk of misinterpretation when a highly
labelled minor compound is coeluted with a weakly la-
belled major one. This might have been the case for the
couple fructose-mannose during the exudation phase.
Another risk of artifact concerned the soil-root separ-
ation. This problem is of concern in all similar studies
(Swinnen et al., 1994a). Here we minimized root tip
injury and root cytoplasm extraction by a step by
step procedure : separation of soil on the fresh, solid
sample, gentle washing of the rooting system with
40 mL K2SO4, and separation of coarse particles from
the soil by wet sieving. We determined the amount of
fine root 13C, which was recovered by wet sieving the
soil. This accounted for 2% of the total root 13C on
average. This amount was very small when compared
to the total root 13C, indicating that the proportion of
fine root or root debris broken through the first two
separations was negligible. Nevertheless, the possible
contribution of some root cytoplasmic content, root
caps and root hairs in the ‘soil’ sample cannot be ex-
cluded. This question was mainly of concern for the
interpretation during the first 48 h. After this time less
13C was expected in root cytoplasms and root tips, and
labelled border cells as well as root hairs have been
naturally sloughed off into the soil (Nguyen, 2003).
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Allocation of labelled carbon to the plant-soil
compartments

To evaluate the extent to which the labelling phase
was representative of the current plant metabolism,
we compared the net fixation of 13C to the biomass
increase. We had evaluated the initial photosynthetic
fixation as the 13C content of the system at the end
of the 5 h labelling (4 mg 13C plant−1), and the net
fixation of assimilated 13C as the amount of plant
13C after one week, when re-allocation was complete
(3.1 mg 13C plant−1). Considering both the isotope
excess of chamber CO2 (70%) and the duration of the
labelling phase (5 h over 12 h of daylight) this net
fixation of assimilated 13C corresponded to 11 mg C
day−1 plant−1), or 24 mg dry matter day−1 plant−1.
The latter value was in general agreement with the
plant biomass increase during the experiment (28 mg
dry mass day−1 plant−1), and proved the absence of
stress during the labelling phase.

Most of the re-allocation of carbon between or-
gans occurred within 24 h and was almost complete
within 48 h (Figure 2). The remarkable feature was
the unusually high root 13C to shoot 13C ratio (1.5
at 1 week). This high ratio could be related to both
the tillering stage (Swinnen et al., 1994b) when car-
bon is reallocated belowground for further growth, and
to the relatively low soil moisture (matric potential
0.1 MPa), known to favour root growth (Palta and
Gregory, 1997). The labelled root to shoot ratio was
higher than that of unlabelled C, which was 0.8 at
labelling and 0.9 two weeks after at the end of the
experiment. It was also higher than the ratio of root
biomass increase to shoot biomass increase, which
was equal to 1.0 throughout the experiment, indicating
that the allocation to roots was highest at the begin-
ning of the experiment and decreased thereafter. For
these reasons, the belowground allocation of 13C ob-
served here can be considered to be particularly high.
In a review of similar labelling experiments of annual
plants, Nguyen (2003) reported a mean root to shoot
allocation of labelled carbon of ca. 0.5.

We considered here that organic 13C in soil was
originated from root-derived organic carbon. It has
been recently suggested that some 13C might be fixed
by direct incorporation of CO2 carbon into micro-
bial metabolism (Miltner et al., 2003). However this
amount could be considered as minor in our case,
according to the data of these authors.

The allocation of 13C to soil was high when com-
pared to the TI13C and reached 16% at the maximum.

Figure 5. Contribution of neutral carbohydrates to labelled car-
bon in the rhizosphere. Amounts are expressed as a proportion of
total photoassimilated 13C, mean and standard deviation of thre
mesocosms.

It is difficult to choose a basis for the comparison
of fluxes of rhizodeposition in the literature. Nguyen
(2003) proposed expressing the flow as a proportion of
root growth. This appears convenient since this can be
performed in in vitro studies and can be approximated
in the pulse labelling experiments as the ratio of the
labelled organic carbon in the soil to the labelled root
carbon. In our case, this ratio peaked at 0.4 at 24 h and
stabilized at 0.18 after 1 week. These values were in
good agreement with the mean value of 0.33 reported
in the literature by Nguyen (2003) from more than 60
data sets of pulse labelling of annual plants.

Water soluble 13C accounted for the majority of la-
belled carbon in the soil at 24 h, but decreased sharply
between 24 and 48 h, becoming negligible thereafter
(Table 2). This decrease can be interpreted in several
manners. Re-absorption of small molecules and sugars
by the roots was demonstrated by Jones and Darrah
(1996) in the case of maize. Root cytoplasmic sol-
uble carbon, if any, would also have been allocated
to other cell components. Finally biodegradation of
soluble compounds in durations from hours to days is
generally invoked as the main cause of soluble carbon
decrease (Cheng et al., 1993; Warembourg and Billès,
1979).

Dynamics of sugars in the rhizosphere

Soil neutral sugars accounted here for 10% of the
soil organic matter. This value, as well as the pro-
portion of individual sugars, was in good agreement
with other values in cultivated soils (Amelung et al.,
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Table 2. Amount and repartition of labelled carbon in soil. Proportion of total 13C, 13C neutral sugars and
13C glucose in the total soil and soluble fractions are expressed relatively to total labelled

Time after Total 13C In soil (% of total soil 13C) In water extract (% of total soil 13C)

labelling in soil 13C Sugars 13C Glucose 13C Soluble Soluble Soluble

(hours) (µg) 13C sugars 13C glucose 13C

5 384 100 75 ± 4 63 ± 4 56 ± 5 13 ± 5 8 ± 3

24 655 100 65 ± 3 48 ± 4 67 ± 4 15 ± 4 7 ± 2

48 530 100 36 ± 4 23 ± 3 46 ± 12 4 ± 1 1 ± 1

183 339 100 41 ± 8 20 ± 4 39 ± 1 3 ± 1 1 ± 0

364 312 100 31 ± 1 16 ± 1 22 ± 9 1 ± 1 0 ± 0

1996; Larre-Larrouy and Feller, 1997; Oades et al.,
1970). The first information obtained from this study
concerned the contribution of neutral sugars to the
rhizospheric carbon (Table 2). We demonstrated here,
in the case of wheat, that they are the large domin-
ant family of components released into the soil by
living roots (Figure 5, Table 2: 65% of root-derived
carbon was under the form of neutral sugars the first
day after labelling). In the course of the experiment,
the relative contribution of labelled sugars to 13C in
soil decreased. This might mean that a significant part
of these sugars were metabolized by micro-organisms
and their organic carbon bio-transformed into others
microbial molecules. Another explanation would in-
volve the delayed rhizodeposition or a longer life-time
of some other root-derived molecules such as lipids,
proteins, acidic sugars.

The difference between total sugars and soluble
monomers (Table 2) corresponded to polymerized
sugars. They might be present as homo-, hetero-
polysaccharides or glycosyled compounds. As we
didn’t hydrolyze the water soluble fraction, the soluble
polymerized sugars weren’t quantified. Nevertheless
in Table 2, it can be seen at 24 h that the amount of
polymerized sugars carbon (sugars 13C – free sugars
13C = 50% of 13C in soil) exceed the one of non-
soluble carbon (33% of 13C). This indicated that a
substantial part of the sugarswere present here as sol-
uble polymers. Free glucose and fructose contributed
as well to the rhizodeposition flux during the day fol-
lowing the labelling. The soluble sugars accounted for
ca. 22% of the total soluble 13C 24 h after labelling.
This tended to indicate that water-soluble rhizodepos-
its were dominated by combined sugars such as in
mucilages and other molecules, possibly aminoacids,
malate, acetate, or deoxymugineic acid as observed by
Fan et al. (2001).

Among the neutral sugars we examined polymer-
ized glucose was the dominant moiety derived from
roots. Others sugars qualified from vegetal origin as
arabinose and xylose (Chantigny et al., 2000) took a
smaller place in our 2 week rhizodeposition study and
were delivered more slowly to the soil.

The different dynamics of root-derived sugars we
studied could be attributed to both their mechanism
of rhizodeposition and fate. Thus the exudation sensu
stricto of small compounds like free glucose and
fructose occurred more rapidly after photoassimilation
than the rhizodeposition of arabinose or xylose, which
contribute to cell walls. Moreover, the degradability of
molecules was controlled by the degree of polymeriza-
tion. Soluble glucose and fructose disappeared quickly
whereas xylose and arabinose included in polymerized
cell wall constituents (Table 1) decreased slightly. The
lack of polymerized fructose was in accordance with
the generally observed absence of this sugar in mu-
cilages (Osborn et al., 1999). The dynamics of sugars
usually considered as microbial indicators (mannose,
rhamnose and to a lesser extent galactose) were more
complex. However, their proportions in soil increased
in the course of the experiment, mainly in the first 48 h
after labelling, in accordance with the consumption of
exudates (Figure 6).

Another important point revealed by the study of
root derived sugars dynamics is highlighted on Fig-
ure 6. We had noted the convergence of the distribution
of labelled monosaccharides in our experiment to the
one of soil organic matter. This tended to indicate that
the signature of sugars in the soil organic matter pool
was acquired rapidly after the degradation of initial
organic inputs.
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Figure 6. Pattern of distribution of neutral sugars in soil. The 5 first columns correspond to the evolution of the distribution in soil of root-derived
labelled sugars between 5 and 354 h after a wheat pulse labelling. The last column represents the distribution of neutral sugars in the soil organic
matter pool on a steady state. Fructose was present in samples 5 h and 48 h but wasn’t quantified separately from mannose in soils.

Conclusions

To our knowledge, very few studies have coupled iso-
tope pulse-labelling (13C or 14C) in real rhizosphere
with chemical analyses of labelled organic C found in
the soil (Ostle et al., 2003). We have showed here how
the combined use of 13C labelling and GC/IRMS can
highlight this part of the carbon cycle in ecosystems.
The present case study confirmed in soil that glucose
stands for the main compound released into the soil by
wheat, but is more in polymerized form than as sol-
uble sugar. After the main peak of exudation, neutral
sugars still constituted ca. 40% of rhizospheric car-
bon, as polysaccharides, with a predominant vegetal
origin. Such an approach could usefully complete the
knowledge obtained from chemical analyses of bulk
exudates (Fan et al., 2001). Further knowledge of the
nature of growing root derived carbon will obviously
improve our prevision and modelling of its behaviour
in the soil, i.e. its microbial transformations, fate, and
contribution to the soil carbon budget.
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