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a b s t r a c t

The extraction and transesterification of soil lipids into fatty acid methyl esters (FAMEs) is a useful tech-
nique for studying soil microbial communities. The objective of this study was to find the best solvent
mixture to extract soil lipids with a pressurized solvent extractor system. Four solvent mixtures were
selected for testing: chloroform:methanol:phosphate buffer (1:2:0.8, v/v/v), chloroform:methanol (1:2,
v/v), hexane:2-propanol (3:2, v/v) and acetone. Soils were from agricultural fields and had a wide range
of clay, organic matter and microbial biomass contents. Total lipid fatty acid methyl esters (TL-FAMEs)
were the extractable soil lipids identified and quantified with gas chromatography and flame ioniza-
tion detection. Concentrations of TL-FAMEs ranged from 57.3 to 542.2 n mole g−1 soil (dry weight basis).
The highest concentrations of TL-FAMEs were extracted with chloroform:methanol:buffer or chloro-
form:methanol mixtures than with the hexane:2-propanol or acetone solvents. The concentrations of
TL-FAMEs in chemical groups, including saturated, branched, mono- and poly-unsaturated and hydroxy
fatty acids were assessed, and biological groups (soil bacteria, mycorrhizal fungi, saprophytic fungi and
higher plants) was distinguished. The extraction efficiency for the chemical and biological groups followed
the general trend of: chloroform:methanol:buffer ≥ chloroform:methanol > hexane:2-propanol = acetone.
Discriminant analysis revealed differences in TL-FAME profiles based on the solvent mixture and the soil

type. Although solvent mixtures containing chloroform and methanol were the most efficient for extract-
ing lipids from the agricultural soils in this study, soil properties and the lipid groups to be studied should
be considered when selecting a solvent mixture. According to our knowledge, this is the first report of soil
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. Introduction

Soil lipids are chemically and biologically diverse, since they
ome from plant, animal and microbial cells. The characterization of
atty acid biomarkers from the total lipids, phospholipids and neu-
ral lipids, as well as their stable isotope composition [1], can reveal
hanges in the structure, nutritional status and living biomass of soil

icrobial communities [2–4]. Fatty acids that are unique or very

bundant in the cell membranes of certain microbial groups (e.g.,
acteria, fungi, algae, protozoa) serve as biomarkers for detecting
he presence of these groups. Some biomarkers are specific for more
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propanol or acetone in a pressurized solvent extraction system.
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arrowly defined groups, such as those that distinguish arbuscu-
ar mycorrhizal fungi from heterotrophic fungi or biomarkers that
an discriminate microorganisms at the genus and species levels
5].

Fatty acid biomarkers are measured following the extraction and
ransesterification of soil lipids. The classical method of extracting
oil lipids uses a solvent mixture containing a citrate or phosphate
uffer, chloroform and methanol [6–8]. However, Tunlid and White
9] mentioned that the efficiency of chloroform:methanol:buffer

ixture in extracting soil lipids was never fully investigated. Chlo-
oform:methanol mixtures are efficient at extracting lipids from
any biological media [10,11], but it is not known if these solvents

re the best for extracting soil lipids, considering that clay particles
nd organic matter could interfere with lipid extraction [7,12,13].

ressurized solvent extraction (PSE) is a technology that accler-
tes soil lipid extraction, reduces human contact with solvents, and
educes the volume of solvents used [14–17]. A comparative study
f soil lipid extraction efficiency with different solvent mixtures in
PSE system remains to be performed.

http://www.sciencedirect.com/science/journal/00399140
mailto:joann.whalen@mcgill.ca
dx.doi.org/10.1016/j.talanta.2008.06.006
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Three solvent mixtures may be good alternatives to the chlo-
oform:methanol:buffer mixture commonly used to extract soil
ipids, namely chloroform:methanol, hexane:2-propanol and ace-
one. Lipids are extracted more rapidly with a chloroform:methanol

ixture than with chloroform:methanol:buffer, which requires a
engthy post-extraction step of phase separation to remove non-
ipid molecules such as amino acids and carbohydrates extracted
y the buffer solution. Hexane:2-propanol is effective in extracting
ipids from biological tissues and is considered to have the same
xtraction efficiency as chloroform:methanol, but with lower tox-
city [6,18–20]. However, the performance of hexane:2-propanol
aries among biological tissues. For example, Schäfer [21] showed
hat more fatty acids contained in cereal and yolk lipids were
xtracted using hexane:2-propanol than chloroform:methanol,
ut muscle lipids were extracted more efficiently with chloro-
orm:methanol than other solvent mixtures. Acetone has lower
oxicity than the other mixtures mentioned above, and is capable
f extracting lipids from Eucalyptus globulus wood [22] and wheat
rains [23]. Despite these findings, there are no reports describ-
ng the application of hexane:2-propanol or acetone to extract soil
ipids, so this remains to be tested.

The objective of this research was to compare solvent mixtures
or extracting lipids from soil with a PSE system and to characterize
he extracts based on the chemical structure (e.g., saturated, mono
nsaturated and poly unsaturated fatty acids) as well as the biolog-

cal origin (e.g., fatty acid biomarkers of bacteria, mycorrhizal fungi,
aprophytic fungi, higher plants/faunal biota) of their TL-FAMEs.

. Experimental

.1. Soil collection and handling

The soils used in this study (mixed, frigid Typic Endoaquents)
ere collected from the top 15 cm of agricultural fields in south-
estern Québec, Canada in August 1999 (soil 4) and September

999 (soils 1, 2 and 3), prior to crop harvest. Each soil sample was a
omposite of seven cores (15 cm long, 3 cm intenal diameter) col-
ected randomly from the field. After collection, half of each soil
ample was air-dried, passed through a 2 mm mesh sieve, stored
t room temperature and used for soil physical and chemical anal-
sis, while the other half was frozen immediately and stored at
20 ◦C until microbial biomass carbon and lipid analysis was con-
ucted. Agricultural practices at the collection sites and selected
oil characteristics are reported in Table 1.

.2. Reagents and glassware
All organic solvents used in this study were high pressure
iquid chromatography (HPLC) grade. Glassware was rinsed with

ethanol and chloroform or placed in a furnace at 360 ◦C for at least
h before use. Laboratory equipment that did not tolerate heating

C
a
d
f
t

able 1
elected properties of the soils (Typic Endoquents, 0–15 cm depth) used in the experimen

oil Tillage systema Crop pHb OMc (g kg−1) Sandd (g kg−1)

CT Soybean 8.0 23.5 211
NT Soybean 6.8 45.1 543
NT Soybean 7.0 69.1 0
CT Bean 6.1 263.3 149

a CT: conventional tillage, NT: no-tillage.
b Soil:water extracts (1:2 soil:solution ratio) [43].
c Organic matter (OM) determined by loss on ignition (360 ◦C for 4 h).
d Particle-size analysis [44].
e SMB-C is soil microbial biomass C, mean (±standard error of mean) of three replicate
77 (2008) 195–199

as rinsed with methanol and then chloroform, and allowed to dry
t room temperature (20 ◦C) before use.

.3. Pressurized solvent extraction (PSE) system

Soil lipids were extracted with an ASE 200 accelerated solvent
xtractor (Dionex Corporation, Sunnyvale, CA, USA). Operating con-
itions consisted of one heating cycle at 80 ◦C and 8280 kPa during
min, three static cycles of 15 min each at the same temperature
nd pressure, rinsing of the transfer lines and sample cell with the
olvent and purging with N2 for 180 s between each sample [14].
riplicate samples of each composite soil (6–8 g of freeze-dried soil)
ere packed into separate 11 mL stainless steel ASE vessels, sealed

t both ends with circular cellulose filters to prevent soil particles
rom entering the extractor. The following solvent mixtures were
sed: (a) chloroform:methanol:phosphate buffer (1:2:0.8, v/v/v),
b) chloroform:methanol (1:2, v/v), (c) hexane:2-propanol (3:2,
/v) and (d) acetone. Additional chloroform and buffer were added
o the extracts from solvent mixture (a) to facilitate separation of
he aqueous and organic phases, so the final composition of the
hloroform:methanol:phosphate buffer was 2:2:1.8 (v/v/v). This
rocedure produced 48 extracts (four soils × three replicates × four
olvent mixtures), each containing 20–25 mL of soil lipids and sol-
ents. The organic phase was evaporated under N2 gas.

.4. Quantification and identification of TL-FAMEs from
xtractable soil lipids

TL-FAMEs were prepared by mild alkaline methanolysis of
otal soil lipid extracts [8]. After drying extracts completely under
2, they were redissolved with 1 mL of iso-octane containing
5 ng �L−1 of methyl-nonadecanoate (C19:0) internal standard.
he resulting mixture of TL-FAMEs (5 �L injected) were analyzed
n split mode (50:1) with a gas chromatograph (Hewlett Packard
890) equipped with a Simplicity Wax capillary column (cross-

inked polyethylene glycol; length, 30 m; film thickness, 0.33 �m;
upelco 2-4326), He as carrier gas (constant at 9.5 psi) and a flame
onization detector. The oven temperature was initially set at 60 ◦C,
hen raised to 150 ◦C (10 ◦C min−1) and held for 5 min, after which
t was raised by 3 ◦C min−1 to a final temperature of 230 ◦C and held
or 20 min. Inlet and detector temperatures were 200 ◦C and 250 ◦C,
espectively. The linear flow velocity was at 32 cm s−1.

Identification of peaks was based on comparison of retention
imes to known standards (Supelco 37 Component FAME Mix
at.#47885-U; Supelco Bacterial Acid Methyl Esters cat.#47080-U;
atreya PUFA-2 cat.#1081; Matreya Bacterial Acid Methyl Esters
P Mix cat.#1114; Matreya cis-11-Hexadecenoic Acid cat.#1208
nd Matreya 10-Methyloctadecanoate cat.#1763), used directly or
erivatized if needed, containing FAMEs with chain length ranging
rom 8 to 24 carbon atoms. These standards permitted the iden-
ification and quantification of 53 different FAMEs from the total

t

Siltd (g kg−1) Clayd (g kg−1) Textural class SMB-Ce (mg C kg−1)

339 450 Clay 153.7 ± 10.3
283 174 Sandy loam 215.3 ± 18.4
205 795 Clay 384.8 ± 11.1
418 433 Silty clay 452.3 ± 23.2

measures. SMB-C = chloroform labile C/KEC, using a KEC of 0.45 [45].
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oil lipid extract, hereafter defined as a TL-FAME (single FAME)
r TL-FAMEs (groups of FAMEs with similar chemical or biological
haracteristics).

The concentration of each identified TL-FAME (nmoles per gram
ry soil (DS)) was calculated relative to the C19:0 internal stan-
ard, which was present in each sample at 25 ng �L−1 (0.080 nmol
19:0 �L−1). The contribution of each identified TL-FAME to the
otal concentration of TL-FAMEs (summed concentration of all
xtracted soil lipids that were identified with the standards listed
bove) in a sample was expressed as mole fraction (relative rich-
ess, % mole) and used in the multivariate analysis.

.5. FAME nomenclature, chemical and biological groups

We used the standard �-nomenclature (A:B�C) for designating
he fatty acids [24] where “A” represents the number of carbon in
he fatty acid, “B” the number of unsaturation and “C” the position
f the double bond closest to the omega (distal) carbon. Identified
AMEs were grouped according to their chemical group (straight
nd branched saturated, mono- and poly-unsaturated, and hydroxy
ubstituted fatty acids) and biological origin (biomarkers of bacte-
ia, mycorrhizal fungi, saprophytic fungi, higher plant/faunal biota,
eneral biota). Biological groups were distinguished with the fol-
owing TL-FAMEs: bacteria (i-15:0, a-15:0, 15:0, i-16:0, 16:1�7,
-17:0, 3-OH-12:0, 17:0, 17:1�7, 17:0cy, 18:1�7, 10Me18:0), myc-
rrhizal fungi (16:1�5c), saprophytic fungi (18:1�9c/t, 18:2�6c/t,
8:3�6, 18:3�3) and a general biotic marker (16:0) [2,4,25–32].
ll TL-FAMEs with 20 and more carbons (20:0, 21:0, 22:0, 23:0,
4:0, 20:1�9, 20:2�6, 20:3�3, 20:3�6, 20:4�6, 20:5�3, 22:1�9,
2:2�6, 22:4�6, 22:5�3, 22:6�3, 24:1�9) were categorized as TL-
AMEs ≥20 C because of the diverse origins (bacterial and fungal
ells, plants, protozoa and other animals) of soil lipids in this group
2,4,33–36].

.6. Statistical analysis
The effect of solvent mixtures on the quantity of TL-FAMEs
nmol g−1 DS, %mole) in the chemical and biological groups was
etermined with one-way analysis of variance using CoStat, version
.003 (CoHort Software, Monterey, CA, USA). A post-hoc least sig-

i
h
t
s
3

able 2
ummed concentration (total TL-FAMEs) and chemical groups (SAFAs, saturated fatty acid
ith various solvents using a PSE system (All values are in nmol g−1 DS)

olvent mixture Total TL-FAMEs StraightSAFAs

oil 1
Acetone 59.7 c 25.0 c
Chloroform:methanol 101.0 b 38.2 b
Chloroform:methanol:buffer 167.1 a 49.4 a
Hexane:2-propanol 57.3 c 26.4 c

oil 2
Acetone 136.1 c 66.4 b
Chloroform:methanol 216.2 b 91.7 a
Chloroform:methanol:buffer 282.1 a 93.4 a
Hexane:2-propanol 137.2 c 63.4 b

oil 3
Acetone 242.9 b 85.7 b
Chloroform:methanol 360.6 a 122. 2a
Chloroform:methanol:buffer 361.7 a 121.8 a
Hexane:2-propanol 216.8 b 77.6 b

oil 4
Acetone 493.5 ab 297.8 a
Chloroform:methanol 542.2 a 321.7 a
Chloroform:methanol:buffer 438.8 b 233.9 b
Hexane:2-propanol 346.2 c 215.3 b

or each soil (Typic Endoquents), mean values in a column with the same letters are not s
77 (2008) 195–199 197

ificant difference test at ˛ = 0.05 was used to compare treatment
eans. Discriminant analysis (DA) were performed with the TL-

AMEs dataset (in %mol, transformed with log10 (x + 1) to achieve
ormality in the dataset) to test the discrimination of TL-FAMEs
ue to solvent mixture and soil type using SYSTAT software, ver-
ion 10 (Systat Software Inc., Richmond, CA, USA). Values presented
n graphs and tables are untransformed means followed by the
tandard errors of the mean (n = 3) for each soil.

. Results and discussion

Soils had diverse characteristics (Table 1), but are representative
f agricultural soils in southwestern Québec. The TL-FAME concen-
rations ranged from 57.3 to 542.2 nmol g−1 DS (Table 2). This range
s similar to the 160.8–341.2 nmol g−1 DS of TL-FAMEs reported for
gricultural soils from the Central and San Joaquin Valleys of Cali-
ornia using the Microbial Identification System (MIS, Microbial ID
nc., Newark, DE, USA), another method for characterizing soil lipids
37]. In soils 1 and 2, the TL-FAME concentration of the soil lipids
as more efficiently extracted with chloroform:methanol:buffer

han other used solvents (Table 2). Chloroform:methanol:buffer
nd chloroform:methanol mixtures gave higher TL-FAME concen-
rations than hexane:2-propanol or acetone in soil 3, whereas in soil
, chloroform:methanol:buffer, chloroform:methanol and acetone
xtracted soil lipids more efficiently, when compared to hexane:2-
ropanol (Table 2). These results are consistent with other studies
howing chloroform:methanol mixtures to be the most efficient for
xtracting lipids from biological materials [10,38,39]. Regardless of
he solvent used, the TL-FAME concentration followed the order
oil 4 > soil 3 > soil 2 > soil 1, which may be related to the organic
atter and soil microbial biomass carbon content of these soils.

.1. Chemical and biological groups of TL-FAMEs

Lipids can be selectively solubilized by organic solvents, depend-

ng on structural features such as the proportion of nonpolar
ydrocarbons in the fatty acids or other aliphatic moieties and
he presence of polar functional groups, such as phosphate and
ugar moieties [10]. Soil TL-FAMEs contained between 26.8 and
42.0 nmol g−1 DS of total saturated fatty acids (SAFAs), the sum

s; UFAs, unsaturated fatty acids; HYFA, hydroxyl fatty acid) of soil lipids extracted

BranchedSAFAs MonoUFAs PolyUFAs HYFAs

1.8 c 11.0 c 21.6 c 0.3 c
5.6 b 21.5 b 34.7 b 0.9 b

16.7 a 51.1 a 47.0 a 2.8 a
1.8 c 9.7 c 19.1 c 0.4 c

4.4 c 21.5 c 42.9 c 0.9 c
13.2 b 41.9 b 66.7 b 2.6 b
31.5 a 73.0 a 79.4 a 4.8 a
4.1 c 20.2 c 48.9 c 0.7 c

4.0 c 28.9 b 124.3b c 0.0 c
13.5 b 69.8 a 153.3 a 1.9 b
30.6 a 70.1 a 135.6 b 3.6 a

4.8 c 20.2 b 114.3 c 0.0 c

6.4 c 24.1 b 164.8 a 0.7 b
20.3 b 43.7 a 153.2 a 3.2 a
27.7 a 54.7 a 119.8 b 2.6 a

6.0 c 18.0 b 107.0 b 0.0 c

ignificantly different (LSD Test, p < 0.05, n = 3).
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Table 3
Summed concentration (total TL-FAMEs) and biological groups (described in the Experimental section) of soil lipids extracted with various solvents using a PSE system (All
values are in nmol g−1 DS)

Solvent mixture Total TL-FAMEs Bacteria Mycorrhizae Fungi FAMEs ≥ 20C General biomass marker 16:0

Soil 1
Acetone 59.7 c 5.8 c 1.4 c 12.4 c 30.6 c 4.5 c
Chloroform:methanol 101.0 b 15.3 b 3.7 b 16.5 b 49.8 b 8.1 b
Chloroform:methanol:buffer 167.1 a 44.7 a 10.6 a 25.2 a 61.0 a 13.7 a
Hexane:2-propanol 57.3 c 6.2 c 1.3 c 9.9 d 31.0 c 4.2 c

Soil 2
Acetone 136.1 c 13.0 c 3.7 c 19.1 c 82.1 b 8.4 c
Chloroform:methanol 216.2 b 31.7 b 7.8 b 28.5 b 117.1 a 16.1 b
Chloroform:methanol:buffer 282.1 a 72.9 a 15.4 a 37.1 a 118.2 a 22.5 a
Hexane:2-propanol 137.2 c 11.6 c 3.5 c 14.4 d 91.8 b 7.3 d

Soil 3
Acetone 242.9 b 9.6 c 3.6 c 42.7 160.1 c 13.8 c
Chloroform:methanol 360.6 a 26.1 b 8.5 b 46.9 236.1 a 22.2 b
Chloroform:methanol:buffer 361.7 a 68.3 a 17.1 a 47.7 178.8 b 28.1 a
Hexane:2-propanol 216.8 b 9.6 c 3.7 c 36.2 143.8 d 12.8 c

Soil 4
Acetone 493.5 ab 15.8 c 2.4 c 39.5 a 321.3 a 37.1 bc
Chloroform:methanol 542.2 a 45.5 b 5.7 b 49.4 a 283.9 b 59.1 a

9.6 a
2.0 c
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f
generally more efficient at extracting TL-FAMEs from soil than
hexane:2-propanol and acetone. Hexane (a hydrocarbon sol-
vent) was expected to extract nonpolar lipids efficiently, while
polar lipids should be soluble in 2-propanol (a polar sol-
Chloroform:methanol:buffer 438.8 b 61.0 a
Hexane:2-propanol 346.2 c 14.1 c

or each soil (Typic Endoquents), mean values in a column with the same letters ar

f straight SAFAs and branched SAFAs (Table 2). Straight SAFAs
ere the most common, accounting for 29.6–62.2% of the total

oil TL-FAMEs. The concentration of total unsaturated fatty acids
UFAs), which are composed of monoUFAs (monounsaturated fatty
cids) and polyUFAs (polyunsaturated fatty acids), ranged from
8.8 to 223.1 nmol g−1 DS (Table 2). MonoUFAs accounted for
.9–30.6% of the soil TL-FAMEs, but the polyUFAs were more com-
on (27.3—52.7% of the soil TL-FAMEs). The 3-OH-12:0 hydroxy

atty acid (HYFA) was less than 2% of the soil TL-FAMEs and concen-
rations ranged from 0.0 to 4.8 nmol g−1 DS (Table 2). Soils extracted
ith chloroform:methanol:buffer or chloroform:methanol mix-

ures had higher straight SAFA, branched SAFA, monoUFA,
olyUFA and HYFA concentrations than soils extracted with
exane:2-propanol or acetone, except in soil 4, where chloro-

orm:methanol and acetone yielded the highest concentrations
Table 2).

The TL-FAMEs were used to distinguish the biological origin
f soil lipids. We found that bacteria contributed 3.2—26.8% of
L-FAMEs, mycorrhizal fungi 0.5—6.3% of TL-FAMEs and sapro-
hytic fungi 7.8—20.8% of TL-FAMEs (Table 3). The general microbial
iomass marker, 16:0, represented 5.3—10.9% of the TL-FAMEs
Table 3). We also found that 36.5—66.9% of the TL-FAMEs were
20C, which suggests these lipids were derived from higher plants
nd animals (Table 3). Data on TL-FAMEs ≥20C are not often
resented in papers oriented towards soil microbial community
ynamics because these fatty acids are not typically biomarkers of
acteria and fungi. However, when they are monitored, TL-FAMEs
20C normally represent a larger pool of fatty acids than those
f microbial origin [35,40]. Jandl et al. [35] reported that these
ong chain TL-FAMEs came from above- and below-ground crop
esidues, animal manure and a variety of soil organisms (protozoa,
ematodes, etc.). Soils extracted with chloroform:methanol:buffer
r chloroform:methanol mixtures had higher concentrations of
ll investigated biomarkers than soils extracted with hexane:2-

ropanol or acetone (Table 3). An exception was found for soil 4,
here acetone extracted more efficiently fungal biomarkers and

L-FAMEs ≥20C (Table 3).
The chloroform:methanol:buffer mixture contains an aque-

us buffer as well as polar solvents (chloroform and methanol)

F
f
w
m
f
T

39.8 a 216.3 c 46.5 b
27.1 b 204.8 c 30.8 c

ignificantly different (LSD Test, p < 0.05, n = 3).

nd it has been suggested that this type of monopha-
ic solution should have a greater ability to break polar
onds and extract lipids from biological materials than the
hloroform:methanol mixture alone [6]. Certainly, the chloro-
orm:methanol:buffer and chloroform:methanol mixtures were
ig. 1. Discriminant analysis of the TL-FAMEs from soil lipids extracted with
our solvent mixtures using a PSE system. Scores plots of discriminant analysis
ere grouped according to (a) the solvent mixture, and (b) the soil type. Solvent
ixtures are identified as A (acetone), CM (chloroform:methanol), CMB (chloro-

orm:methanol:buffer) and HP (hexane:2-propanol). Soil types are described in
able 1. Data are mean scores and the standard errors of the mean (n = 3).
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ent). However, 2-propanol has lower polarity than methanol,
hich explains the lower recovery of polar lipid classes and

otal TL-FAMEs with the hexane:2-propanol mixture than with
he chloroform:methanol:buffer and chloroform:methanol mix-
ures. Acetone is a solvent of medium polarity often used to
xtract simple lipids and glycolipids or precipitate phospho-
ipids [11], but it was not generally efficient at extracting soil
L-FAME from different chemical groups and diverse biological ori-
ins.

Discriminant analysis, based on the individual TL-FAMEs iden-
ified from soil lipid extracts, provided significant discrimination
etween solvent mixtures and soil types (Wilks’ lambda = 0.000
t p < 0.00005 for all discriminant analysis tests) (Fig. 1a and
). The best discriminating variables selected by the automatic
ackward stepwise procedure allowed us to correctly classify
8% of the solvent mixtures and 100% of soils (Fig. 1a and
). There is a clear difference in the chemical and biological
roups of TL-FAMEs extracted by the four solvents tested in
his study. Discriminate analysis also confirms that lipid pro-
les, revealed by TL-FAME analysis, can distinguish soils that
re known to have diverse chemical, physical and biological
roperties. Whether more subtle changes in the chemical and
iological groups of TL-FAMEs within a particular soil (i.e., as
result of experimental treatments or environmental changes)

an be detected with this technique is beyond the scope of
his study, but has been demonstrated by other researchers
9,16,32,41].

. Conclusions

Fatty acids are major building blocks for many classes of lipids,
ncluding acylglycerols and phospholipids, and are widely used as
iomarkers in microbial ecology and to characterize soil micro-
ial communities. We found that chloroform:methanol:buffer
r chloroform:methanol extracted TL-FAMEs from soil more
fficiently than the hexane:2-propanol and acetone solvent
ixtures. The TL-FAME concentration attributed to rele-

ant soil chemical and biological groups was affected by the
ype of solvent used, with improved extraction efficiency for
hloroform:methanol:buffer ≥ chloroform:methanol > hexane:2-
ropanol = acetone. It is challenging to determine whether solvent
ixtures permit quantitative extraction of soil lipids. Spiking a

oil with a known concentration of a particular lipid may seem
ike a plausible option to evaluate the extraction efficiency of
olvent mixtures, except that soils are biologically active and there
s a high probability that newly-added lipids would be rapidly

etabolized by soil microorganisms. Real soil lipids are probably
tabilized physically or chemically and thus resist microbial break-
own. Some reports [7,12,13] indicate that solvent mixtures can
ecome saturated in soils with high soil organic matter content,
ue to the presence of readily available organic molecules (not
ecessarily lipids). In such cases, longer extraction times, a higher
olvent mixture:sample ratio, or a solvent mixture containing
ore chloroform would be required to generate a representative
ipid sample. For example, Iverson et al. [42] showed that marine
issues containing > 2% lipids were extracted more efficiently
ith a chloroform:methanol (2:1, v/v) mixture than a chloro-

orm:methanol (1:2, v/v) mixture. These considerations deserve
urther investigation in soils.

[
[

[

[

77 (2008) 195–199 199

cknowledgements

This project was supported by the Fonds Québécois de la
echerche sur la Nature et les Technologies (FQRNT).

eferences

[1] H.T.S. Boschker, J.J. Middelburg, FEMS Microbiol. Ecol. 40 (2002) 85.
[2] J.R. Vestal, D.C. White, BioScience 39 (1989) 535.
[3] D.C. White, S.J. Macnaughton, in: C.E. Pankhurst, M.M. Doube, V.V.S.R. Gupta

(Eds.), Biological Indicators of Soil Health, CAB International, Oxon, 1997, pp.
371–396.

[4] L. Zelles, Biol. Fert. Soils 29 (1999) 111.
[5] H. Lechevalier, M.P. Lechevalier, in: C. Ratledge, S.G. Wilkinson (Eds.), Microbial

Lipids, vol. 1, Academic Press, London, 1989, pp. 869–902.
[6] E.G. Bligh, W.J. Dyer, Can. J. Biochem. Physiol. 37 (1959) 911.
[7] Å. Frostegård, A. Tunlid, E. Bååth, J. Microbiol. Methods 14 (1991) 151.
[8] D.C. White, D.B. Ringelberg, in: R.S. Burlage, R. Atlas, D. Stahl, G. Geesey, G.

Sayler (Eds.), Techniques in Microbial Ecology, Oxford University Press, New
York, 1998, pp. 255–272.

[9] A. Tunlid, D.C. White, in: G. Stotzky, J.M. Bollag (Eds.), Soil Biochemistry, vol. 7,
Marcel Dekker, New York, 1992, pp. 229–262.

10] F. Shahidi, P.K.J.P.D. Wanasundara, in: C.C. Akoh, D.B. Min (Eds.), Food Lipids:
Chemistry, Nutrition, and Biotechnology, Marcel Dekker, New York, 2002, pp.
133–167.

11] W.W. Christie, in: W.W. Christie (Ed.), Advances in Lipid Methodology, 2, Oily
Press, Dundee, 1993, pp. 195–213.

12] R.J. Hance, G. Anderson, Soil Sci. 96 (1963) 94.
13] P. Nielsen, S.O. Petersen, Soil Biol. Biochem. 32 (2000) 1241.
14] S.J. Macnaughton, T.L. Jenkins, M.H. Wimpee, M.R. Cormiér, D.C. White, J. Micro-

biol. Methods 31 (1997) 19.
15] H. Dinel, M.C. Nolin, Soil Sci. Soc. Am. J. 64 (2000) 177.
16] T.A. Spedding, C. Hamel, G.R. Mehuys, C.A. Madramootoo, Soil Biol. Biochem.

36 (2004) 499.
17] B. Jansen, K.G.J. Nierop, M.C. Kotte, P. de Voogt, J.M. Verstraten, Appl. Geochem.

21 (2006) 1006.
18] A. Hara, N.S. Radin, Anal. Biochem. 90 (1978) 420.
19] E.D. Dodds, M.R. McCoy, A. Geldenhuys, L.D. Rea, J.M. Kennish, J. Am. Oil Chem.

Soc. 81 (2004) 835.
20] A. Tanamati, C.C. Oliveira, J.V. Visentainer, M. Matsushita, N.E. de Souza, J. Am.

Oil Chem. Soc. 82 (2005) 393.
21] K. Schäfer, Anal. Chim. Acta 358 (1998) 69.
22] F.J. González-Vila, J.M. Bautista, A. Gutiérrez, J.C. Del Rio, A.G. González, J.

Biochem. Biophys. Methods 43 (2000) 345.
23] R. Zarnowski, Y. Suzuki, J. Food Compos. Anal. 17 (2004) 649.
24] IUPAC-IUB, Lipids 12 (1977) 455.
25] T.W. Federle, in: F. Megusar, M. Ganthar (Eds.), Perspectives in Microbial Ecol-

ogy, Slovene Society for Microbiology, Ljubljana, 1986, pp. 493–498.
26] A. Frostegård, E. Bååth, A. Tunlid, Soil Biol. Biochem. 25 (1993) 723.
27] J.H. Graham, N.C. Hodge, J.B. Morton, Appl. Environ. Microbiol. 61 (1995) 58.
28] P.A. Olsson, E. Bååth, I. Jakobsen, B. Söderström, Mycol. Res. 99 (1995) 623.
29] A. Frostegård, E. Bååth, Biol. Fertil. Soils 22 (1996) 59.
30] L. Zelles, Chemosphere 35 (1997) 275.
31] P.A. Olsson, FEMS Microbiol. Ecol. 29 (1999) 303.
32] G.T. Hill, N.A. Mitkowski, L. Aldrich-Wolfe, L.R. Emele, D.D. Jurkonie, A. Ficke, S.

Maldonado-Ramirez, S.T. Lynch, E.B. Nelson, Appl. Soil Ecol. 15 (2001) 25.
33] H.-R. Schulten, M. Schnitzer, Soil Sci. Soc. Am. J. 55 (1991) 1603.
34] T. Rezanka, J. Votruba, Anal. Chim. Acta 465 (2002) 273.
35] G. Jandl, P. Leinweber, H.-R. Schulten, K. Ekschmitt, Soil Biol. Biochem. 37 (2005)

1033.
36] A. Otto, C. Shunthirasingham, M.J. Simpson, Org. Geochem. 36 (2005) 425.
37] R.E. Drenovsky, G.N. Elliott, K.J. Graham, K.M. Scow, Soil Biol. Biochem. 36 (2004)

1793.
38] M.J. Fishwick, A.J. Wright, Phytochemistry 16 (1977) 1507.
39] R.G. Ackman, in: C.K. Chow (Ed.), Fatty Acids in Foods and Their Health Impli-

cations, Marcel Dekker, New York, 2000, pp. 47–65.
40] G. Jandl, H.-R. Schulten, P. Leinweber, J. Plant Nutr. Soil Sci. 165 (2002) 133.
41] C. Hamel, V. Vujanovic, R. Jeannotte, A. Nakano-Hylander, M. St-Arnaud, Plant

Soil 268 (2005) 75.

42] S.J. Iverson, S.L. Lang, M.H. Cooper, Lipids 36 (2001) 1283.
43] W.H. Hendershot, H. Lalande, M. Duquette, in: M.R. Carter (Ed.), Soil Sampling

and Methods of Analysis, Lewis, Boca Raton, 1993, pp. 141–145.
44] B.H. Sheldrick, C. Wang, in: M.R. Carter (Ed.), Soil Sampling and Methods of

Analysis, Lewis, Boca Raton, 1993, pp. 499–511.
45] R.G. Joergensen, Soil Biol. Biochem. 28 (1996) 25.


	Comparison of solvent mixtures for pressurized solvent extraction of soil fatty acid biomarkers
	Introduction
	Experimental
	Soil collection and handling
	Reagents and glassware
	Pressurized solvent extraction (PSE) system
	Quantification and identification of TL-FAMEs from extractable soil lipids
	FAME nomenclature, chemical and biological groups
	Statistical analysis

	Results and discussion
	Chemical and biological groups of TL-FAMEs

	Conclusions
	Acknowledgements
	References


