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Soil organic matter is a very complex mixture of compounds derived from numerous living organisms such as plants, fungi, algae, microfauna and microbes. During humification those biological compounds are transformed by processes such as biotic and abiotic degradation, polymerisation, reduction and aromatisation. Thus, the biological origin of soil organic molecules is often very difficult to assess. Knowledge of the biological origin of soil organic molecules is important, for instance, to understand the mecanisms of preservation of soil organic matter, which are still debated. Here I studied the origin of three classes of soil compounds, n-alkanes, n-alkanols (fatty alcohols), and n-alkanoic acids (fatty acids) that can be derived from numerous biological and anthropogenic sources. Those waxy compounds are of agronomical interest because they are believed to play a role in soil aggregates stability, as a glue, and in soil water retention due to their hydrophobic properties. Since the molecular structure of n-alkanes, n-alkanols and n-alkanoic acids does not yield enough information to assess their precise origin, I measured their 13 C isotope composition using a recently developped method, gas chromatography coupled to isotope ratio monitoring mass spectrometry (GC-IRMS) to gain more insight. The results show that long-chain n-alkanes (C 27 , C 29 ), n-alkanols (C 28 , C 30 ) and n-alkanoic acids (C 28 , C 30 ) have similar 13 C isotope values averaging at -34.2‰. This finding evidences their common origin from leaf cuticular waxes of C 3 plants, in agreement with their biosynthetic pathway. Short-chain n-alkanoic acids (C 16 -C 18 ) are 13 C-enriched with 13 C isotope values averaging at -26.6‰. This finding supports their microbial origin demonstrated in a previous report. Short-chain n-alkanes (C 16 -C 18 ) are also 13 Cenriched with 13 C isotope values averaging at -28.3‰. This finding supports their fossil fuel origin demonstrated in a previous report. Overall the findings imply that plant leaf waxes are well preserved in soil, despite soil conditions that favors their degradation. Agricultural practices such as incorporating plant leaf residues in soil during tillage and amendment with plant-derived compost should therefore improve aggregate stability and water-holding capacity, on molecular grounds.

Degraded organic matter in natural systems, such as soils [START_REF]Soil Organic Matter[END_REF][START_REF]Humic Substances II. In Search of Structure[END_REF] and sediments [START_REF] Tissot | Petroleum Formation and Occurrence[END_REF][START_REF]Organic Geochemistry, Principles and Applications[END_REF], is composed of a very complex mixture of individual organic substances inherited from living organisms, termed [START_REF] Peters | The Biomarker Guide[END_REF]. Although studies of molecular structures have provided several insights on the fate of biological substances after the death of living organisms, their origin and transformation are still a matter of discussion [START_REF]Soil Organic Matter[END_REF][START_REF]Humic Substances II. In Search of Structure[END_REF][START_REF] Tissot | Petroleum Formation and Occurrence[END_REF][START_REF]Organic Geochemistry, Principles and Applications[END_REF][START_REF] Peters | The Biomarker Guide[END_REF][START_REF] Schnitzer | [END_REF][7]. Indeed, until recently only few methods based on stereochemical and distribution comparisons were available to give some insights on the genetic relationships among various classes of linear lipids. This is particulary critical whenever the biomarker molecular structure is poorly informative in terms of biological precursor and of type of processes which led to its presence in soils and sediments [START_REF] Peters | The Biomarker Guide[END_REF]8,9]. For instance, nalkanes from soils and sediments may be derived either from direct input of biosynthesized n-alkanes, e.g. from higher plants [START_REF] Tissot | Petroleum Formation and Occurrence[END_REF][10][START_REF] Dinel | Soil Biochemistry[END_REF][START_REF] Lichtfouse | [END_REF]; or by reduction of biological alkenes, e.g. from algae [START_REF] Tissot | Petroleum Formation and Occurrence[END_REF]13,14]; or by reduction of fatty alcohols, e.g. from bacteria and higher plants [10,[START_REF] Dinel | Soil Biochemistry[END_REF][START_REF]Chemistry and Biochemistry of Natural Waxes[END_REF]; or by reduction or decarboxylation [START_REF] Tissot | Petroleum Formation and Occurrence[END_REF]8,[START_REF] Cooper | [END_REF]17] of the almost ubiquitous biological fatty acids [START_REF]Chemistry and Biochemistry of Natural Waxes[END_REF]; or by degradation of highly aliphatic biopolymers [18,[START_REF] De Leeuw | Organic Geochemistry, Principles and Applications[END_REF]. Alternatively, a substantial portion of soil n-alkanes can also represent an exogenous input of pollutants such as fossil fuels [START_REF] Lichtfouse | [END_REF]. Therefore, there is an obvious need for new approaches in order to try to decipher these multiple origins and transformation processes.

A recently developed method, isotope ratio monitoring gas chromatography mass spectrometry (irm-GC-MS) [21], using capillary fused silica-gel columns of high chromatographic resolution, now allows the 13 C/ 12 C composition of GC-amenable substances to be measured at trace levels (~ 5 nmol of C). It is thus possible to undertake tracer studies using stable isotopes of carbon at the molecular level, at natural [14,22] or artificial abundance [23], of organic substances occuring in complex mixtures, without the need to isolate the substance in a pure form. In this way, the isotope composition of fatty acids, fatty alcohols and linear alkanes from a crop soil at Grignon, France, were determined [23].

The average δ 13 C value [START_REF]Carbon isotopic compostions are expressed in per mil. relative to the Pee Dee Belemnite standard: δ 13 C =[END_REF] of C 27 -C 30 soil aliphatic lipids, -34.2‰, fall in the range values reported for modern plants fixing CO 2 by the C 3 photosynthetic pathway [14,[START_REF] Rieley | [END_REF], thus indicating a major contribution from C 3 plants. This plant derivation is in agreement with the absence of 13 C-labelling of long chain lipids that have been observed in an earlier study involving incubation of soils with 13 C-enriched glucose [23]. Moreover, the distributions of long chain soil aliphatic lipids show a strong carbon number predominance, either even for n-alkanoic acids and n-alkanols, or odd for nalkanes, typical of biological material such as plant waxes [10]. This feature can be explained in terms of the biosynthetic pathways shown in scheme 1. Indeed, in all plants palmitic acid (C 16 ) is elongated by the addition of two carbon units until the appropriate chain length is reached, e.g. C 28 [START_REF]Chemistry and Biochemistry of Natural Waxes[END_REF][START_REF] Kolattukudy | Progress in the Chemistry of Fats and other Lipids[END_REF]. This C 28 acid is then either reduced or decarboxylated to give the C 28 alkanol and the C 27 alkane, respectively. The observed predominances of long chain soil lipids are therefore consistent with derivation from plant waxes.

Scheme 1. Biosynthetic pathway of long chain n-alkanoic acids, n-alkanols and n-alkanes in plant waxes [START_REF]Chemistry and Biochemistry of Natural Waxes[END_REF][START_REF] Kolattukudy | Progress in the Chemistry of Fats and other Lipids[END_REF].

Nonetheless, long chain aliphatic lipids may also be biosynthesized by other organisms than plants, such as algae, fungi and bacteria [START_REF] Dinel | Soil Biochemistry[END_REF]13,[START_REF]Chemistry and Biochemistry of Natural Waxes[END_REF]. Also, in order to assess the genetic relationships of long chain aliphatic lipids in soils, the isotope composition of nalkanols (e.g. C 28 ) and n-alkanes (e.g. C 27 ) were compared with that of their biosynthetic precursors n-alkanoic acids (e.g. C 28 ) (Fig. 1). It is shown that presumable acid precursors and both alcohol and alkane products have similar isotope values within the experimental error. Since the carbon isotopic composition of any naturally synthesized organic compound depends on many factors such as the carbon source utilized, isotope effects associated with assimilation, metabolism and biosynthesis, and cellular carbon budgets [START_REF] Hayes | [END_REF], observed similar isotope values of biomarkers from organisms located at different levels in the food web (e.g. plants and bacteria) and growing on different carbon sources are possible but very unlikely [21]. It is therefore concluded on biosynthetic and isotopic grounds that the long chain n-alkanes, nalkanols, and n-alkanoic acids in our soil sample are derived from the same precursor organic material via the same photosynthetic pathway, that is plant fixation of CO 2 using the C 3 photosynthetic cycle.

Figure 1. Carbon isotope composition [START_REF]Carbon isotopic compostions are expressed in per mil. relative to the Pee Dee Belemnite standard: δ 13 C =[END_REF] of long chain soil lipids. Data and detailed experimental procedures are reported elsewhere [23,28,29]. Typically, soil samples (120 g) from a field cultivated with C 3 plants (Grignon, France) were dried, finely ground, then extracted with CHCl 3 -MeOH (3/1 v/v).

The extract was fractionated into neutral and acid fraction by column chromatography on KOH impregnated silica gel. The neutral fraction was then fractionated into polar, alcohol, ketone, and hydrocarbon-ester fractions by silica-gel thin layer chromatography using CH 2 Cl 2 as developer and 1,2;3,4-dibenzanthracene, friedelin, cholesterol as reference compounds. The hydrocarbon-ester fraction was fractionated into alkane-alkene, aromatic, and ester fractions by silica-gel thin layer chromatography using n-hexane as developer and 1-phenyldodecane, 2-methylphenanthrene, and 1,2;3,4-dibenzanthracene as reference compounds. The alcohol fraction was acetylated with a large excess of acetic anhydride in pyridine (1/1, v/v) 1 h at 50°C. After the addition of water and CH 2 Cl 2 (3 x), the organic phases were mixed then washed with water (3 x), dried overnight over CaCl 2 , concentrated under reduced pressure and fractionated by silica-gel thin layer chromatography using CH 2 Cl 2 as developer and cholesterol acetate as reference compound, to give a mono-acetate fraction. Acid fractions were treated overnight with an excess of diazomethane in diethyl ether. After concentration under a ventilated hood, the residue was fractionated by silica-gel thin layer chromatography using ethyl acetaten-hexane (5/95 v/v) as developer and octacosanoic acid methyl ester as reference compound. Isotopic analyses were carried out by isotope ratio monitoring gas chromatography-mass spectrometry (irmGC/MS) as described elsewhere [28,29]. Isotope composition are expressed in per mil. relative to the PDB standard [START_REF]Carbon isotopic compostions are expressed in per mil. relative to the Pee Dee Belemnite standard: δ 13 C =[END_REF]. δ 13 C values of alcohols and carboxylic acids, and their respective errors, have been corrected for the contribution of the added methyl group (δ = -79.7 ± 3.9‰) and acetyl group (δ = -50.1 ± 1.8‰), respectively, using pure isotopic standards : palmitic acid, arachidic acid, n-hexacosanol, cholesterol, 5α-cholestan-3β-ol, and ergosterol.

On the other hand, C 16 -C 18 soil n-alkanoic acids are strongly enriched in carbon 13 relative to long-chain homologues, giving δ 13 C values ranging from -28.4 to -24.8‰ [23]. This feature suggest that short-chain acids do not represent a plant input. Indeed, it has been demonstrated by labelling of the soil sample with 13 C-enriched glucose that C 16 -C 18 soil n-alkanoic acids are biosynthesized by the microbial biomass such as fungi and bacteria [23]. On the other hand, the absence of labelling of the C 16 -C 18 n-alkanes in the same experiment allows to exclude microbes as their main biological precursors of these compounds [23]. Further, their δ 13 C values, ranging from -27.1 to -29.4‰ allows to exclude plant as their main biological precursors [30]. In fact, these substances most likely represent an atmopheric input of fossil fuel pollutants, as shown by a 23year labelling experiment [29]. A such approach using 13 C as a tracer at the molecular level represents a powerful tool to decipher the origin and transformation pathways of biomarkers and pollutants occurring in natural media [30].
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