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Abstract- Various organic constituents extracted from wheat and from soil organic
matter have been analysed for their carbon content, their absolute concentration and
their stable carbon isotope ratios. Most organic subfractions from plants, or soil, are
13C-depleted by up to 9.4%o relative to bulk organic matter, mainly as a result of their
higher lipid content. Furthermore, soil organic constituents are unexpectedly
13C-enriched by +1.5%0 to +4.3%o relative to homologous plant constituents. Indeed,
the selective preservation of plant lignin and lipids, following incorporation into the soil
biomass, should have led to the accumulation of 13C-depleted compounds. Hence, these
results favour the in sifu formation of soil organic matter either by recondensation of
small molecules or by selective preservation of biopolymers from soil microorganisms.
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INTRODUCTION
The decay of plants leads to the preservation of a few percents only of plant carbon into
soils, the bulk being rapidly biodegraded then returned to the atmosphere as COs.

Although many bulk chemical properties of soil organic matter are well-known, there is
still a lack of understanding of the precise origin, and pathways, of transformation of
soil organic substances, notably at the molecular level (Schnitzer and Khan, 1978). The
formation of humic substances is believed to occur by two major processes (Hayes et
al., 1989): 1) the partial degradation and selective preservation of resistant
macromolecules from plants or soil organisms and 2) the polycondensation of small
molecules resulting from biomass degradation, e.g. the reaction of amino acids with
carbohydrates (Maillard, 1916, 1917). Carbon isotope ratios have been used to define
the origin and transformation of organic substances from soils and sediments
(Nissenbaum and Kaplan, 1972, Collister et al., 1992, Lichtfouse and Collister, 1992,
Macko et al., 1993, Collister et al., 1994a, Lichtfouse et al., 1994ab, Lichtfouse, 1995).
In this note we show, using isotopic comparisons of various soil and plant organic
substances, that the major part of soil organic matter where wheat has been grown is
unlikely to be derived by the selective preservation of the plant's lipids or lignin, and
thus must have been formed within the soil.
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EXPERIMENTAL

Plant and soil sampling

Soils, cropped solely with plants following the C3z photosynthetic pathway
(O'Leary, 1981), were cored through the 0-35cm ploughed horizon in September 1987
at La Miniére, near Versailles, France, after 3 years of wheat cropping (1984-1986).
The soil is a dystric eutrochrept, silty loam (Balabane and Balesdent, 1992). The 0-35
cm ploughed horizon comprises 11.4% of sand (50-2000 wm), 73.1% of silt (2-50 wm)
and 15.5% of clay (0-50 wm). Two additional soil samples were cored at Boigneville,
Essone, France, in 1990 and 1993 after respectively 20 and 23 years of wheat cropping.
These soils have very similar characteristics to the soils from the La Miniére field
(Balesdent er al., 1990). Nine cores, taken at various locations, were well-mixed, dried
at 20°C then sieved to 2000 um. Wheat leaves, stems and roots (Triticum aestivum)
were washed with distilled water then freeze-dried at -20°C. All samplings and further
analyses were repeated three times.

Organic matter fractionation

Dried soils, leaves, stems and roots were finely ground and extracted
ultrasonically (30 min., 30°C, 3x) with CHCl3-MeOH (3/1 v/v). Extracts were
fractionated into neutral and acid fractions by passage through silica gel impregnated
with KOH followed by HCO,H acidification (McCarthy and Duthie, 1962, Collister et
al., 1994a). Neutral fractions were fractionated into hydrocarbon-ester, ketone, alcohol
and polar fractions by silica-gel thin layer chromatography, using CH,Cl, as developer
and 1,2:3,4-dibenzanthracene, friedelin and cholesterol as reference compounds
(modified after Lichtfouse et al., 1994c). Neutral fractions were fractionated into
alkane-alkene, aromatic and ester fractions by silica-gel thin layer chromatography,
with n-hexane as developer and using n-octacosane, I-phenyldodecane,
2-methylphenanthrene and 1,2:3,4-dibenzanthracene as reference compounds.
Individual n-alkanes from the alkane-alkene fractions were identified by gas
chromatography-mass spectrometry, and co-elution with pure standards, and quantified
by gas chromatography fitted with a flame ionization detector and using Sa-androstane
as internal standard.

Ground dry soils were extracted 48 h. at 20°C under N, with 0.1 M NaOH to

give an insoluble fraction (humin and minerals) and a soluble fraction (humic and fulvic
acids). Humic acids were separated from the soluble fraction by precipitation at pH 1.5
with 2.4 M HCI (3x). Humic acids were further purified by centrifugation at pH 7 to
remove most clay particles, dialysed for 10 days against distilled water then freeze-
dried at -20°C. Humic acids were pyrolysed at 550°C in an open gold tube under
continuous argon flow to give pyrolysates and residues.

Isotope analysis

Isotopic compositions, and carbon contents, were measured on a Carlo Erba NA
1500 elemental C and N analyser coupled to a VG Sira 10 mass spectrometer: precision
0.03%0, overall deviation 0.1%o (3 replicates). Isotopic analyses of individual n-alkanes
were carried out under a continuous helium flow using an HP 5890 gas chromatograph
coupled to a CuO furnace (850°C) and a cryogenic trap (-100°C): this system was
coupled to a VG Optima mass spectrometer. Ion currents were monitored continuously
(m/z = 44, 45 and 46: precision 0.1%o, overall deviation 0.3%o0, 3 replicates). Carbon
isotope compositions are expressed in per mil. relative to the Pee Dee Belemnite



Table 1. Chemical composition of wheat and wheat crop soil organic components from the La
Minieére field. §13C values of bulk carbon from the Boigneville field are -25.92%o and -25.78%o
after wheat cropping during 20 and 23 years, respectively.

WHEAT YIELD CARBON  CARBON d13C Ad?
(ug/g dry weight)  (weight %) (mgC/gCtotal) (%0) (%0)
Bulk leaf 44.99 1000 -29.61 0
Bulk stem 42.85 1000 -28.47 0
Bulk root 34.36 1000 -27.79 0
Leaf organic extract 26480 73.20 43.08 -33.19 -3.58
Stem organic extract 7900 52.30 9.64 -30.95 -2.48
Root organic extract 8568 72.90 18.18 -31.64 -3.85
Leaf Cp5 n-alkane 0.8 85.23 0.002 n.d.
Leaf Cy7 n-alkane 4.6 85.26 0.009 -35.9 -6.3
Leaf Cy9 n-alkane 16.5 85.29 0.031 -36.5 -6.9
Leaf C31 n-alkane 21.7 85.32 0.041 -36.7 -7.1
Leaf C33 n-alkane 7.6 85.34 0.015 -36.7 -7.1
SOIL YIELD CARBON  CARBON 313C Ad?
(ug/g soil dry weight) (weight %) (mgC/gCtotal) (%0) (%0)
Bulk soil 0.95 (0.09)° 1000 -26.28 0
Humin® 0.63 (0.06)° 663.6 -25.59 +0.69
Humic acids 1812 32.78 (3.89)° 62.52 -27.45 -1.17
Humic acids pyrolysate 89.8 62.15 5.87 -26.04 +0.24
Humic acids pyr. residue 1028 37.14 40.19 -27.64 -1.36
Organic extract 161.2 61.00 10.35 -28.89 -2.61
Acid fraction 38.0 n.d. -29.24 -2.96
Neutral fraction 57.0 n.d. -29.40 -3.12
Cy5 n-alkane 0.02 85.23 0.002 -34.6 -8.3
Cy7 n-alkane 0.05 85.26 0.005 -34.2 -7.9
Cpg n-alkane 0.16 85.29 0.014 -35.7 -9.4
C31 n-alkane 0.21 85.32 0.019 -35.7 -9.4
C33 n-alkane 0.06 85.34 0.005 -35.7 -9.4

3fraction minus bulk. bAnalyses were carried out on humin including mineral matrix. CNitrogen content in
parenthesis. n.d.: not determined



standard: 8!3C = [(13C/!2Csample/!3C/12Cstd) - 1] x 103, where 13C/12Cstd =
0.0112372.

RESULTS AND DISCUSSION

Mass balance

Yields, carbon contents and isotope values of various organic fractions from
wheat and wheat crop soils from the La Miniére field are reported in Table 1. Humin
and humic acids amount respectively to 664 and 63 mg carbon per g of soil organic
carbon, and are thus, quantitatively, the most abundant organic components of the soil.
Soil and wheat organic extracts, and their subfractions, occur in minor amounts.
Nethertheless, they are probably highly involved in soil transformation processes
because they represent the "free" part of the organic matter. Moreover, due to their high
lipid content, they should be selectively preserved in soils because lipids are more
resistant to biodegradation than carbohydrates and amino acids. However, the carbon
contents of organic extracts from wheat, averaging 23.6 mg C per g of bulk C, are
higher than that from soil (10.4 mg C/g bulk C). Carbon concentrations of individual n-
alkanes are also higher in wheat leaf than in soil organic matter: 0.041 vs. 0.019 mg of
carbon per g of bulk carbon, respectively, for the C3; n-alkane. Also, the decrease of
soil- vs. plant carbon concentration of organic extracts, and n-alkanes, suggests that the
selective preservation of lipids is probably not a major pathway in the formation of soil
organic matter because a higher content of lipids should have remained in the soils.
This view is strenghthened by consideration of carbon isotope ratios, as discussed in the
following section.

Wheat and Soil Organic Components
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Figure 1. Carbon isotope ratios of various organic components from wheat and wheat crop soils. All data
are from the La Miniére field, except values of bulk soil carbon from the Boigneville field (-25.92%o, -

25.78%o). Note the 13C-depletion of most soil subfractions versus bulk soil carbon. Note also the 13C-
enrichment of soil components versus wheat components.



Carbon isotopic compositions

Carbon isotope ratios of wheat and soil organic components range respectively
from -36.7%o to -27.79%o and from -35.7 %o to -25.59%c (Table 1, Fig. 1). These values
are typical of the organic carbon from plants fixing CO; by the Cs photosynthetic
pathway (Nissenbaum and Schallinger, 1974, Deines, 1980, O'Leary, 1981, Collister et
al., 1994b, and refs. therein). With the exception of humin and humic acid pyrolysates,
all organic subfractions are depleted in 13C, reaching a value of -9.4%o relative to bulk
organic carbon. This 13C-depletion can be attibuted mainly to the higher lipid content
of those organic subfractions relative to the bulk organic matter (Deines, 1980).

Plant lipids and lignin are 13C-depleted relative to bulk tissue, whereas amino
acids, cellulose and hemicellulose are usually 13C-enriched (Deines, 1980, Benner et
al., 1987, Schleser, 1992). Since lipids and lignin are more resistant to biodegradation
relative to other plant constituents, and since the major part of plant carbon is rapidly
recycled to the atmosphere, then the accumulation of plant matter into soil by selective
preservation of plant lipids, or lignin, versus polysaccharides should have led to a
notable shift of the isotope compositions of soil organic components toward 13C-
depleted values. For instance, the selective preservation of aliphatic plant components,
as a major process, should have given & 13C values as low as -36%o for soil organic
matter, as suggested by the 8 13C values of n-alkanes (Fig. 1).

However, we do not observe a depletion but rather a 13C-enrichment of +1.5%o
to +4.3%o for soil versus wheat organic components: +1.5-3.8%o (average +2.6%0) for
wheat parts vs. bulk soils, +2.1-4.3%o (average +3.0%0) for wheat part extracts vs. soil
extract. Humin also shows a notable !3C-enrichment of +2.2%0 to +4.0%0 (average
+3.0%0) versus bulk wheat parts. This result is of great significance because humin is
the major soil fraction, amounting here to 66% of soil organic C and, most important,
humin is considered to be the most stable organic component of soils (Schnitzer and
Khan, 1978, Hayes et al., 1989, and refs. therein). Moreover, it should be noted that a
13C-enrichment” of about +2%o, in deeper horizons versus surface litter, is commonly
observed with increasing depth in forest soil profiles (Volkoff and Cerri, 1987, Melillo
et al., 1989, Martin et al., 1990, Balesdent et al., 1993). Hence, all these lines of
evidence demonstrate that the selective preservation of plant lipids and lignin is not a
major pathway of organic matter accumulation into soils. Two other pathways can thus
be considered.

Firstly, soil organic matter may be formed by condensation of small molecules
from plant degradation products or from soil biomass. The rapid biodegradation of
13C-enriched plant polysaccharides (Benner et al., 1987) followed by condensation of
carbohydrate monomers with amino acids (Maillard, 1916), which should be
13C-enriched, is in good agreement with this hypothesis.

Soil organic matter may alternatively be stored by selective preservation of

resistant biopolymers from soil microorganisms consuming !3C-enriched plant
polysaccharides. Indeed, it has been shown recently that various microorganisms, such

“Note that the 13C-depletion sometimes observed in C4 grassland soils can be attributed to organic
matter inherited from paleo C3 vegetation (e.g. Volkoff and Cerri, 1987, Cerling et al., 1989, Mariotti
and Peterschmitt, 1994)



as microalgae, cyanobacteria and bacteria, are able to biosynthesize cell wall aliphatic
biopolymers which are extremely resistant to acid and alkaline hydrolysis
(Chalansonnet et al., 1988, Le Berre ef al., 1991, Derenne et al., 1992, de Leeuw and
Largeau, 1993). Moreover, the occurrence of these resistant biopolymers in soil is
strongly supported by the detection of notable amounts of aliphatic structures within
humic acids and humin by NMR studies (Hatcher et al., 1981, 1985, Buddrus and
Lambert, 1995).

Whatever pathway is followed during soil organic matter formation, we have
shown, on both isotopic and quantitative grounds, that the major part of crop soil humic
substances must be formed in sifu, either by recondensation of relatively small
molecules or by selective preservation of soil biopolymers. Though the formation of
soil humic substances by selective preservation of plant lignin and lipids is not
excluded, this process is likely to give rise to minor amounts only of crop soil organic
carbon.
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