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Abstract We investigated the composition of soil-extracted
solubilized organic and inorganic matter (SESOM) pre-
pared from three different soils. Growth of various bacterial
strains in these soil extracts was evaluated to find appro-
priate conditions for ecophysiological approaches. Analysis
of SESOM by 1H-NMR and gas chromatography/mass
spectrometry revealed a complex mixture of organic com-
pounds. An oak forest SESOM supported the growth of
several gram-positive and gram-negative soil-derived het-
erotrophic bacteria, whereas beech forest and grassland soil
extracts did not. A metabolomic approach was performed
by determining the extracellular metabolite profile of
Bacillus licheniformis in SESOM. The results demonstrated
that determination of the organic composition of SESOM
during batch culturing is feasible. This makes SESOM

amenable to studying the ecophysiology of a range of soil
bacteria growing on soil-dissolved organic matter under
more defined laboratory conditions. SESOM may also
increase success in isolating previously uncultured or novel
soil bacteria. Cell populations and the corresponding extra-
cellular medium can be obtained readily and specific compo-
nents extracted, paving the way for proteomic, transcriptomic,
and metabolomic analyses. The synthetic carbon mixture
based on SESOM, which mimics soil abilities, shows a
positive impact on higher cell yields and longer cultivation
time for biotechnological relevant bacteria.
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Introduction

Soils support a wide array of bacterial species, so a single
gram of soil may contain between 1,000 and 1,000,000 taxa
(Torsvik et al. 2002; Gans et al. 2005). The total density
may reach 1.5×1010 bacteria per gram (Torsvik et al. 1990;
Torsvik and Øvreås 2002). Key questions in soil microbi-
ology are: “who is out there” and “what are they doing”
(Urich et al. 2008). Recent molecular approaches allow us
to gauge the extent of soil bacterial diversity, but the
majority of this diversity remains uncharacterized beyond
its 16SrRNA gene pool (Pace 1997; Rappe and Giovannoni
2003; Fierer et al. 2007). While taxa involved in select
processes such as the nitrogen cycle and methane produc-
tion and consumption have been studied extensively in situ,
the ecophysiological characteristics of the majority of soil
bacteria are largely unknown (Fierer et al. 2007). This is
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especially true of the array of largely uncultivated Acid-
obacteria (Tringe et al. 2005) and Crenarchaeota (Schleper
et al. 2005) occurring in soils. Metagenomic approaches
have shed light on the diversity and distribution of
biocatalytic potential through the available gene pool in
soils, but not on biocatalytic activity (Daniel 2004; Schloss
and Handelsman 2006). DNA stable-isotope probing has
been instrumental in defining members of specific physio-
logical groups such as methanotrophs and acetate-
metabolizing or glucose-metabolizing bacteria (Radajewski
et al. 2003), yet little is known regarding the spectrum of
functional processes that occur in soils (Fierer and Jackson
2006). Ecophysiological approaches to soil bacteria have
been hampered by inadequate cultivation methods. This is
due in part not only to the extremely slow growth rate and
yield of many bacterial taxa (Bollmann et al. 2007), but
also to the use of inappropriate culture media (Joseph et al.
2003; Ellis 2004). Soil extract as a culture medium to
support otherwise unculturable bacteria or increase the
culturable count has been revisited periodically over the
years (James 1958; Bakken 1985; Ellis 2004; Davis et al.
2005). Detailed knowledge of the composition of a soil-
derived culture medium would be beneficial to ecophysio-
logical studies.

Soils are three-phase porous medium systems composed
of solid, liquid, and gaseous phases (Stotzky and Burns
1982; Sharma 2005). Historically, the organic component
of soil is divided into solid soil organic matter (SOM) and
dissolved organic matter (DOM). The DOM is a cocktail of
organic aromatic compounds derived from lignin, fulvic
acids, some oligomeric and monomeric sugar derivatives,
amino acids, and fatty acids between C14 and C54 believed
to derive from both plant wall material and dead bacteria
(Huang et al. 1998; Kalbitz et al. 2000). Fulvic acids com-
prise the bulk of DOM, but soils also contain a range of
low-molecular-weight organic substances (LMWOS) such
as monosaccharides and disaccharides, amino sugars, organ-
ic acids, and amino acids (Van Hees et al. 2005; Fischer et al.
2007). Heterotrophic soil bacteria are dependent for nutrition
on LMWOS, obtained either directly from solution or
following excretion and activity of degradative enzymes. A
growing group of reports describes the spectrum and
concentrations of LMWOS soils (Kaiser et al. 2001; Strobel
2001; Van Hees et al. 2005; Pizzeghello et al. 2006), but few
studies have reported on their concentrations in soil solution
(Fischer et al. 2007).

The study of bacteria and their physiology in soils
suffers various constraints, including the sorption of cells to
particles, presence of interfering substances in macromo-
lecular extracts, and optical constraints (Benndorf et al.
2007). We have initiated a program to investigate the
ecophysiology of heterotrophic soil bacteria. Heterotrophic
bacteria obtain organic nutrients by uptake across the cell

envelope, restricting nutrition largely to the nutrient pool
occurring in solution. This prompted us to take a simplified
approach to study the ecophysiology of soil bacteria by
preparing aqueous extracts of soil: soil-extracted solubilized
organic matter (SESOM) (Vilain et al. 2006). So, we were
able to demonstrate that Bacillus cereus ATCC 14579 is
able to grow and perform a full life cycle, from germination
through exponential growth to sporulation in SESOM
prepared from garden and deciduous forest soil (Vilain et
al. 2006; Luo et al. 2007). SESOM lends itself to eco-
physiological studies of soil bacteria, such as via a pro-
teomic approach (Luo et al. 2007). An important aspect of
such ecophysiological studies is information on the respec-
tive concentrations of the various organic and inorganic
substances in SESOM. In this study, we offer a rigorous
chemical analysis by gas chromatography/mass spectrom-
etry (GC-MS) and 1H-NMR of SESOM from three different
soils derived from an oak forest (oak SESOM), a beech
forest (beech SESOM), and a wet grassland (grassland
SESOM). An intensive inorganic characterization of the
three extracts was also performed. The oak forest SESOM
supported the growth of a range of gram-positive and gram-
negative soil bacteria and is, therefore, amenable to future
studies of bacteria growing on dissolved organic matter in
soil. The beech and grassland SESOM were nongrowth-
supporting. A consumption profile (extracellular metabo-
lites) of Bacillus licheniformis in oak SESOM is presented
to demonstrate the applicability of SESOM to one possible
part of an ecophysiology approach of soil bacteria. This
work opens the door for critical revision of media used for
culturing soil-derived bacteria in biotechnology fermenta-
tions or new cultivation possibilities to find appropriate
growth conditions and possibly enhance yields of the target
product by knowledge of the soil-influenced physiology. A
first experiment in this direction was the evaluation of a
SESOM mimicking synthetic medium with a carbon source
cocktail that reflects the composition of growth-supporting
oak SESOM. It was successfully applied to support growth
of B. licheniformis DSM 13 in a manner comparable to
growth on standard culture media.

Materials and methods

Preparation of soil media

Soil for oak SESOM was taken during the summer from the
top 5 cm of a deciduous forest dominated by bur oak, green
ash, peach willow, and wild plum (Oak Lake Field Station,
Brookings County, South Dakota, USA). Material for the
second and third soil media was collected during spring
from the top 5 cm of a beech forest and wet grassland (re-
gion around the Bay of Greifswald, Greifswald, Germany).
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The samples were dried at 50 °C, and stored at 4 °C. Soil
media were prepared as an aqueous extract as described
previously (Vilain et al. 2006). Briefly, 100 g of air-dried
topsoil were suspended in 500 mL of sterile MOPS buffer
(10 mM, pH 7.0) at 40 °C with shaking at 200 rpm for 1 h.
The extract was filtered sequentially through filter paper
(Whatman) and filters with a pore size of 5 and 0.45 µM in
order to remove particulate matter. Directly after preparation,
the extract was filtered to sterility using a 0.22-µm pore size
and stored at 4 °C until use. For analytic purposes, MOPS
buffer was replaced with water in consideration of possible
overlapping signals in the 1H-NMR spectra. All extracts for
chemical analysis were done at least in triplicate; for the
growth experiments, each cultivation was conducted using a
freshly extracted soil medium.

Bacterial strains and growth conditions

The soil-isolated strains Arthrobacter aurescens TC1
(ATCC BAA-1386), Pseudomonas ADP, B. licheniformis
DSM 13, and B. cereus 20 were cultured at 30 °C, and
Salmonella enterica ser.Typhimurium (Salmonella Typhi-
murium) was cultured at 37 °C overnight in Luria–Bertani
(LB) broth while shaking at 200 rpm (for strain character-
istics, see Table 1). Exponentially growing cells were
harvested by centrifugation, washed in soil medium, and
inoculated into corresponding soil medium to an initial
absorbance (540 nm) of 0.005. Duplicate cultures were
incubated while shaking at 200 rpm and the absorbance
(540 nm) measured every 30 min. Cultivation of B.
licheniformis in Belitzki minimal medium (adjusted to
glucose limitation conditions) (Voigt et al. 2007) and
synthetic medium was performed as described above (for
concentrations of ingredients, see Tables 4 and 5). All used
strains are deposited in public strain collections; Pseudo-
monas ADP, B. cereus 20, and Salmonella Typhimurium
can be obtained after request from the authors.

Sample preparation

A fixed volume of 10 mL soil medium was frozen at −80 °C
for 2 days. Samples were lyophilized with a Christ®beta 1–

8 lyophilizer at −52 °C and 0.25 mbar. After determining the
dry mass, the sample was redissolved in 0.5 mL deionized
water. Particulate matter was removed by centrifugation at
5,000×g for 5 min.

For the analysis of soil compounds by GC-MS, 2 mg of
the residues were redissolved and derivatized for 90 min at
37 °C in 40 µL of 20 mg/mL methoxyamine hydrochloride
in pyridine, followed by a 30-min treatment with 80 µL N-
methyl-N-(trimetylsilyl)trifluoroacetamide (MSTFA) at
37 °C as described previously (Liebeke et al. 2008). Eight
microliters of a retention time standard mixture (0.5% (w/v)
n-decane, n-dodecane, n-pentadecane, eicosane, n-octaco-
sane, n-dotriacontane dissolved in hexan) was added to the
samples.

Detection of SESOM compounds with GC-MS

Soil medium compounds were detected by GC-MS as
described by Liebeke et al. (2008). The detected com-
pounds were identified by processing the raw GC-MS data
with ChemStation G1701CA software and comparing
with the NIST mass spectral database 2.0 d (National
Institute of Standards and Technology, Gaithersburg,
USA) and from retention times and mass spectra of
standard compounds (predictions without standard are
asterisked in Table 2). The semiquantification of SESOM
components was carried out by integrating the chromato-
graphic peaks. Quantification was done using MetaQuant
1.2 (Bunk et al. 2006) with ribitol (adonitol) as internal
standard.

Detection of amino acids in SESOM with GC-MS

Levels of free amino acids in the soil media samples were
measured using the phenomenex® EZ:faast kit (EZ:faast
GC/MS free [physiological] amino acid kit) and GC-MS.
Prederivatization of amino acids was according to Makita et
al. (1976). Injection into the GC-MS system was done
using an Agilent®7683 Series injector (split 1:15 at 250 °C,
2.0 µL; carrier gas, helium 1.1 mL/min (60 kPa) at 110 °C;
pressure rise, 6 kPa/min; oven program, increasing at
20 °C/min from 110 °C to 320 °C followed by a 2-min hold

Table 1 Characteristics of evaluated soil bacteria strains

Bacterial strain Characteristics Isolation site Reference

Arthrobacter aurescens TC1 ATCC BAA-1386 Gram +, no spores Soil at a South Dakota spill site Mongodin et al. (2006)

Pseudomonas ADP Gram −, no spores Soil at a Minesota spill site de Souza et al. (1995)

Bacillus cereus soil isolate 20 Gram +, spores Experimental field at South Dakota
State University

Vilain et al. (2006)

Bacillus lichenifromis DSM 13 Gram +, spores DSMZ (German Collection of Microorganisms
and Cell Cultures, Braunschweig), Germany

Veith et al. (2004)

Salmonella enterica ser. Typhimurium Gram −, no spores River sediment in South Africa Burke et al. (2008)
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Table 2 Compounds identified in oak, beech, and grassland SESOM by 1H-NMR and GC-MS

Compound (abbreviation) Occurrence 1H-NMR 1H chemical shift
[ppm] (multiplicity)

GC-MS RI+

Oak Beech Grassland

Organic acids Formic acid (for) + – – + 8.45 (s) ND

Pyruvic acid (pyr) + – + + 2.27 (s) + 947

Acetic acid (ace) + + + + 1.92 (s) + 989

Lactic acid (lac) + + + + 1.33 (d), 4.11 (q) + 967

Oxalic acid (ox) – – + ND + 1,012

Fumaric acid (fum) + + + + 6.52 (s) + 1,399

Succinic acid (suc) + + + + 2.41 (s) + 1,352

Malic acid (mal) + – + + 6.03 (s) + 1,601

Malonic acid (malo) + – + ND + 1,193

Tetronic acid (tet)a + – + ND + 1,681

Adipic acid (adi) – – + ND + 1,623

Pentonic acid (pen)a + – – ND + 1,806

Citric acid (cit) + – + + 2.68 (d), 2.55 (d) + 1,996

Glyceric acida + – + ND + 1,389

Isovaleric acid + – – ND + 1,096

α-OH-butyric acid + – + ND + 1,125

γ-OH-butyric acid + – + ND + 1,239

Azelaic acid + – + ND + 1,950

Gluconic acid + + + ND + 2,195

Glucuronic acid + – – ND + 2,068

Amino acids Alanine (ala) + – + + 1.48 (d) + 1,034

Aspartic acid (asp) + + + + 2.79 (dd), + 1,640

Glutamic acid (glu) + + + + 2.06 (m) + 1,760

Glycine (gly) + + + + 3.56 (s) + 1,346

Isoleucine (ile) + – – + 1.01 (d), 0.94 (t) + 1,330

Leucine (leu) + – – + 0.96 (t) + 1,298

Methionine (met) + – – + 2.14 (m), 2.64 (t) + 1,631

Phenylalanine (phe) + – – + 7.33 (m), 7.42 (m) + 1,780

Proline (pro) + + + + 4.13 (q), 3.34 (m) + 1,660

Serine (ser) + + + + 3.84 (q); 3.96 (m) + 1,430

Threonine (thr) + – + + 1.33 (d), 4.25 (q) + 1,461

Tyrosine (tyr) + – – + 6.92 (d) + 1,890

Valine (val) + – + + 1.04 (d), 0.99 (d) + 1,213

α-Aminoisobutyric acid (αaib) + + – + 0.98 (t), 1.90 (m) + 1,646

Amines Putrescine (put) + + – ND + 1,135

Cadaverine (cad) + – – ND + 1,554

Monosaccharides α-Glucose (αglc) + + + + 5.24 (d) + 2,090

β-Glucose (βglc) + + + + 4.65 (d) + 2,108

Mannose (man) + – + ND + 2,080

Xylose (xyl) + – – ND + 1,830

Fucose (fuc) + – – ND + 2,064

Myo-inositol (myo) + + + ND + 2,277

Sugar alcohols Mannitol (man) + – – ND + 2,123

Sorbitol (sor) + – – ND + 2,131

Glycerol (glyce) + + + ND + 1,309

Disaccharides Trehalose (mycose) + – + + 5.19 (d) + 2,834

Sucrose (saccharose) + + + + 5.41 (d) + 2,758
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at 320 °C; detector, MSD at 250 °C). Full-scan mass spectra
were acquired from m/z 45 to 450 at a rate of two scans per
second with 1.50 min solvent delay. The amino acids were
identified by processing the raw GC-MS data with
ChemStation G1701CA software and comparing with NIST
and EZ:faast reference library, as well as retention times of
standard compounds. Quantification was done using Meta-
Quant 1.2 with norvaline as internal standard.

Detection of SESOM compounds with 1H-NMR

Lyophilized samples (from 10 mL SESOM) were redis-
solved in 500 µL water, and 300 µL were buffered to pH
7.0 by addition of 200 µL of a sodium hydrogen phosphate
buffer (0.1 mM, pH 7.0) made up with 25% (v/v) D2O to
provide a NMR lock signal; samples from synthetic
media were prepared and analyzed as previously de-
scribed (Hochgrafe et al. 2008) and were transferred to
5 mm NMR glass tubes (length 7 in.). Spectral referencing
was relative to 1 mM sodium 3-trimethylsilyl-[2,2,3,3-D4]-
1-propionic acid (TMSP) in phosphate buffer. All NMR
spectra were obtained at 600.27 MHz at a nominal
temperature of 298.5 K on a Bruker AVANCE-II 600
NMR spectrometer operated by TOPSPIN 2 software (both
Bruker Biospin, Rheinstetten, Germany). We used the
“noesypresat” pulse sequence with water presaturation
during both the relaxation delay and the mixing time
(Nicholson et al. 1995). One hundred twenty-eight free
induction decay scans were collected into 64 k data points
using a spectral width of 20 ppm for a one-dimensional
spectrum. After Fourier transformation with 0.3-Hz line-
broadening and a single zero-filling, spectra were automat-
ically phased and baseline-corrected using the baseopt
process, and the chemical shift scale was set by assigning
the value of δ=0.00 ppm to the signal from the added

TMSP. Compound identification was done by matching the
obtained spectra with a 1H-NMR spectra databank using
AMIX®Viewer Version 3.8.2 Bruker Biospin and compar-
ing with spectra of standard compounds. Quantification was
done by integration of designated peaks and comparing
with the added standard TMSP.

Detection of inorganic SESOM compounds with ICP, IC,
and AAS

Soil media were analyzed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) on an ICP-AES
3410 (Fision Instruments) for PO4, SO4, Zn, Si, Cu, Sr, Ba,
Mn, Fe, Mg, and Ca. The anion content of the soil medium
was analyzed by ion chromatography (IC) with a 761 Com-
pact IC (Metrohm, Germany). Atomic absorption spectros-
copy (AAS) was done according to DIN 38405-D 35.

Results

SESOM of Oak Lake forest soil contained a wide variety of
carbon and nitrogen sources that were able to support the
growth of a range of heterotrophic bacteria isolated from
soil (Figs. 1 and 2a). We were able to detect a wide range of
LMWOS by 1H-NMR (Fig. 3) and GC-MS (Fig. 4),
including organic acids, amino acids, monosaccharides
and disaccharides, sugar alcohols, and fatty acids (Table 2).
This wide selection of carbon and nitrogen sources would
support the growth of bacteria with different nutritional
requirements. For the beech forest soil medium (beech
SESOM) and the wet grassland soil medium (grassland
SESOM), the same chemical classes were detected in both,
but in lesser amounts than in the chemically more diverse
and richer oak SESOM.

Table 2 (continued)

Compound (abbreviation) Occurrence 1H-NMR 1H chemical shift
[ppm] (multiplicity)

GC-MS RI+

Oak Beech Grassland

Cellobiose – + + ND + 2,808

Maltose – – + ND + 2,899

Fatty acids Palmitic acid (pal) + – + ND + 2,199

Oleic acid (ole) + – – ND + 2,353

Stearic acid (ste) + – + ND + 2,375

Arachidic acida + – – ND + 2,544

Tricosanoic acida + – – ND + 2,780

Chemical shifts (in parts per million) are referred to TMSP as internal standard

s singlet, d doublet, dd double of doublets, t triplet, q quartet, m multiplet, ND not detected, + calculated as described by Kovats (1958)
a No reference substance measured
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Bacterial growth in SESOMs

The five soil-derived bacterial strains (Table 1) all adapted
readily to growth in oak SESOM following transfer from
peptide-rich LB broth, as evidenced by the short lag periods
(Figs. 1 and 2a). This indicated that oak SESOM contained
nutrients that are readily taken up and metabolized,
mimicking at least in part the available nutrient pool in
the natural environment of these strains. The generation
times in oak SESOM varied from 67 min (A. aurescens
TC1), 65 min (B. licheniformis DSM 13), 63 min (P. ADP),
45 min (B. cereus 20), and 42 min (Salmonella Typhimu-
rium). The biomass yields observed also varied between
isolates, reflecting varying abilities to utilize the spectrum
of available carbon sources in the oak SESOM. These and
other soil bacterial isolates are also able to grow in SESOM

prepared from soils such as Eastern South Dakota corn field
and garden soil (data not shown). B. licheniformis was not
able to grow in beech and grassland SESOM (Fig. 2a), but
in oak SESOM, a growth until OD600=0.2 was observed
(Fig. 2a).

The LMWOS composition of SESOM

GC-MS analysis of the amino acid composition of soil
media revealed a high total concentration of 136 µM or
18 mg L−1 in oak SESOM. Fourteen of the 20 proteino-
genic amino acids were detected (Table 2), and 13 of these
could be quantified by GC-MS (Table 3). The predominant
amino acid was glutamic acid, constituting 50% of the
amino acid pool on a mass basis. This was followed by
leucine, aspartic acid, valine, and phenylalanine. The only

Fig. 2 Growth of B. licheniformis DSM 13 cultured at 30 °C while
shaking in a oak SESOM (filled squares), beech SESOM (filled
triangles), and grassland SESOM (open circles); b Belitzki minimal
medium (reduced glucose concentration) (filled triangles); c M9

medium with low carbon content, only glucose (filled triangles) and
carbon source cocktail (open squares); and d M9 medium with high
carbon content, glucose (filled triangles) and with carbon source
cocktail (open squares)

Fig. 1 Growth of A. aurescens TC1 (a), Pseudomonas ADP (b), and B. cereus 20 (c) cultured at 30 °C and Salmonella Typhimurium (d) cultured
at 37 °C while shaking in oak SESOM
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sulfur-containing amino acid detected was methionine at
2.15 µM. Eight of the amino acids detected are nonpolar,
indicating that their concentrations in soil may be higher
than detected. The soil media from beech forest and
grassland showed markedly less diversity of components
and lower quantities. Glutamic acid, leucine, and valine
were also the top three amino acids, but with concentrations
between 1 and 2 µM. No aromatic and sulfur-containing
amino acids were detected in beech and grassland SESOM.

The predominant saccharides quantified were trehalose,
a 1,1-disaccharide of α-glucose, present at 246 µM in oak
SESOM, at 51 µM in beech, and at 49 µM in grassland
SESOM, respectively. Sucrose, a 1,2-disaccharide of
glucose and fructose was only detectable in traces in
SESOM of beech forest and grassland, but very prominent
at 121 µM in oak SESOM (Table 4). These were followed
by α/β-glucose levels at 141 µM in oak, at 15.6 µM in
beech, and at 3.2 µM in grassland SESOM.

Fig. 4 GC-MS total ion chromatogram of oak SESOM (compound abbreviations are listed in Table 2)

Fig. 3 1H-NMR spectrum of oak SESOM (compound abbreviations are listed in Table 2). Chemical shifts (in parts per million) referred to TMSP
as internal standard
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The monosaccharides mannose, xylose, and myo-
inositol were detectable as trace amounts but could not be
quantified. The same holds for the sugar alcohols mannitol,
sorbitol, and glycerol. Four quantifiable low-molecular-
weight organic acids (LMWOA) known to support growth of
bacterial heterotrophs, which included acetic, pyruvic, suc-
cinic, and fumaric acids, were analyzed (Table 4). Formic acid
was present at 224 µM in oak SESOM and may be used by
C1-compound-utilizing bacteria. A further number of

LMWOA were detected in trace amounts. A number of
aliphatic organic acids up to a chain length of 23 C atoms
were also detected in trace amounts (Table 2). Due to their
low water solubility, these may be present in much greater
amounts in the forest soil. Breakdown products of amino
acids like isovaleric acid and amines like putrescine and
cadaverine were detected in SESOM with small abundances.

Other organic compounds

We detected many unknown signals in the 1H-NMR spectra
within the chemical shift region of aromatic molecules
(6.8–8.0 ppm) (Fig. 3), possibly components of humic acid,
flavonoids, etc., but no matching reference spectra are
available. Similarly, the gas chromatogram showed peaks
without a NIST databank hit, most of them with m/z greater
than 300, which indicates more complex molecules.

Inorganic composition of SESOM

SESOM contained a spectrum of inorganic compounds,
many of which are obligately required for bacterial growth
(Table 5). The concentrations of the main anions and
cations within the tested soil media varied only marginally
(onefold to fourfold). Phosphate was determined at
8.81 mg L−1in oak SESOM, while the corresponding
forest soil contained a total of 2.4 g kg−1 soil (data not
shown). Only 2.2% of the total phosphorus occurred as
extractable water-soluble phosphate, indicating that the
bulk of phosphorus was bound in organic and/or insoluble
form. Other important inorganic extracted components were
sulfate, magnesium, iron, manganese, calcium, and zinc.

Table 3 Amino acid composition of tested soil media (oak/beech/
grassland SESOM) as determined by GC-MS (n=3, independently
extracted samples)

Amino acid Conc. [µM] SESOM

Oak Beech Grassland

Alanine 5.63 0.53 0.62

Aspartic acid 10.61 1.00 0.33

Glutamic acid 62.26 2.02 1.83

Glycine 6.07 0.76 0.54

Isoleucine 3.89 0.63 0.59

Leucine 14.28 1.10 1.24

Methionine 2.15 – –

Phenylalanine 4.13 – –

Proline 1.99 0.06 0.06

Serine 4.64 0.17 0.16

Threonine 4.46 – –

Tyrosine 2.55 – –

Valine 9.84 0.45 1.30

β-Aminoisobutyric acid 3.51 – –

Total 136.01 6.72 6.67

Table 4 LMW organic acid and carbohydrate composition of tested soil media (oak/beech/grassland SESOM) as determined by 1H-NMR (oak
SESOM) and GC-MS (beech and grassland SESOM) (n=4, independently extracted samples)

Compound Conc. [µM]

Oak SESOM Beech SESOM Grassland SESOM BMM M9 glucose M9 carbon cocktail

Formic acid 224.71 – – – – 2,000

Acetic acid 125.12 – – – – 1,000

Pyruvic acid 23.35 0.42 0.45 – – 200

Lactic acid 86.44 – – – – –

Succinic acid 40.96 10.08 10.55 – – 400

Citric acid – – – 7,000 100 100

Fumaric acid 16.55 0.02 0.08 – – –

Glucose 141.86 15.62 3.25 444.4 10,000 2,000

Trehalose 246.66 53.82 48.00 – – –

Sucrose 121.39 0.12 1.30 – – 3,000

Cellobiose – 0.15 0.76 – – –

Sum carbon [mM] 6.16 0.78 0.66 44.64 54.00 60.00

Concentrations of synthetic media are calculated, the stated values are for low carbon content and tenfold higher for high carbon content media
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Consumption of oak SESOM compounds
by B. licheniformis DSM 13

B. licheniformis DSM 13 displayed diauxic growth in oak
SESOM, while unable to grow on the low concentration of
organic substrates available in beech and grassland SESOM
(Fig. 2a). Determination of the temporal composition of
SESOM during growth indicated sequential but overlap-
ping consumption of carbohydrate substrates over time
(Fig. 5). While glucose was consumed first, sucrose and
trehalose consumption started before depletion of glucose.
The fumarate concentration only decreased after the onset
of the stationary phase. The amino acid concentrations
decreased gradually during growth.

Growth of B. licheniformis DSM 13 in different synthetic
media consisting of glucose in comparison to artificial
carbon source mixtures

B. licheniformis DSM 13 was cultivated in two common
synthetic minimal culture media, Belitzki minimal medium
and M9 medium (Paliy and Gunasekera 2007). Both were
supplemented with low and high glucose concentrations as
single carbon source or with a cocktail of carbon sources to

mimic oak SESOM at low and high molarities. The
composition of this cocktail is described in Table 4. Amino
acids, present in very low micromolar concentrations in oak
SESOM, were excluded for this synthetic medium. Grow-
ing on the carbon source cocktail, B. licheniformis reached
at similar stoichiometric carbon input higher optical
densities (∼+30%) and a longer stable stationary phase
(see Fig. 2c, d). Analyzing the extracellular metabolites
concentrations during growth, a clear consumption priority
can be stated. First of all, glucose is metabolized by B.
licheniformis, than sucrose and followed by the other
carbon sources. Interestingly, formate is cometabolized by
B. licheniformis DSM 13 in the exponential growth phase.
In the stationary phase, acetic acid is the most important
carbon source after most of the added nutrients are nearly
consumed (cf. supporting information).

Discussion

The aqueous extract of Oak Lake forest soil, oak SESOM,
is able to support exponential growth of a range of gram-
positive and gram-negative heterotrophic soil bacteria, in-
cluding various Bacillus sp. (Vilain et al. 2006). In addition,

Table 5 Inorganic composition of tested soil media (oak/beech/grassland SESOM) as determined by ICP-AES, IC, and AAS (n=3, independently
extracted samples)

Compound Content [mg/L] Method

Oak SESOM Beech SESOM Grassland SESOM BMM M9

PO4 8.81 8.43 3.17 56.40 14,689 ICP

SO4 14.45 10.86 20.21 2,280.00 85.90 ICP

Zn 0.04 0.04 0.07 – 1.10 ICP

Si 9.50 5.24 4.18 – – ICP

Cu 0.03 0.06 0.13 – 0.20 ICP

Sr 0.08 0.05 0.05 – – ICP

Ba 0.08 0.06 0.02 – – ICP

Mn 0.17 0.17 0.02 0.55 0.30 ICP

Fe 0.37 1.54 2.26 – 2.80 ICP

Mg 7.06 2.95 1.22 194.40 63.40 ICP

Ca 33.63 17.70 6.93 80.0 40.00 ICP

F 0.38 0.07 1.98 – – IC

Cl 1.80 7.86 30.26 1,026.00 983.50 IC

NO2
− 0.48 1.60 0.92 – – IC

NO3
− 3.37 16.52 2.72 – – IC

Br 0.33 1.82 0.98 – – IC

As 0.02 nd nd – – AAS

Na 15.47 10.76 23.72 161.00 2,395.50 IC

K 19.32 11.21 6.66 1,076.00 443.20 IC

Sum [mg/L] 115.38 96.94 105.50 5,073 19,008

Concentrations of synthetic media are calculated
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the chemical cues in SESOM can influence the bacterial
phenotype. SESOM plays a key role in the switch to
multicellular growth of B. cereus (Vilain et al. 2006).
Similarly, the collection of chemical cues in cystic fibrosis
(CF) lung sputum affect the physiology, competitiveness,
and biofilm formation of P. aeruginosa in ways not
observed during growth on laboratory culture media
(Palmer et al. 2005, 2007). In a more specific approach,
Watanabe et al. (2008) designed an artificial medium that
imitates photoautotroph–heteroautotroph interaction in al-
gal cultures. Genome sequences and metagenomic data
reveal that several autochthonous soil bacteria are metabol-
ically highly diverse (Daniel 2004; Mongodin et al. 2006).
The diverse nutritional cues in soil will most likely
influence the phenotype of many soil bacteria by modulat-
ing gene expression patterns. Our understanding of the
spectrum of biocatalytic reactions that occur in soils and the
ecophysiology of soil bacteria can be advanced through
using either SESOM or defined media that are designed to
mimic the chemical composition of soluble material in
soils.

The rigorous chemical analysis of all three SESOMs
reported in this study reflects a wide range of carbon and
nitrogen sources that are known to support the growth of a
wide array of heterotrophic bacteria. The majority of
bacteria grow by taking up water-soluble small molecules
across their cell envelope. By using a warm aqueous
shaking approach, we obtained a much higher concentra-
tion than when using an elution approach designed to
sample only the solution in macropores and mesopores that
would be in equilibrium with sorbed solutes (Fischer et al.
2007). SESOM, especially the oak forest-derived one,

contained a much wider range of compounds than the
majority of laboratory culture media, such as BMM
(Tables 2 and 3) and R2A (Reasoner and Geldreich 1985;
Stulke et al. 1993). A versatile biochemical response may,
therefore, be anticipated in soil bacteria when growing
under soil conditions. Similarly, CF lung sputum contains a
range of amino acids, salts, and other organic substrates in
millimolar concentrations and ratio much more diverse than
most defined media used (Palmer et al. 2007). A. aurescens
grew to a higher final yield than the other three strains,
displaying a high degree of metabolic diversity apparent
from the genome sequence (Mongodin et al. 2006). The
growth of A. aurescens, Pseudomonas ADP, and the
Bacillus isolates in oak SESOM is not surprising as these
species are autochthonous to soil. The Salmonella Typhi-
murium strain used is one of many isolates obtained from
river sediment in a temperate region subject to high
population densities and poor sanitation (Burke et al.
2008) and is, therefore, more likely allochthonous to soil.
Yet, it was able to grow in oak SESOM under noncompet-
itive conditions. The fact that beech and grassland SESOM
did not support the growth of B. licheniformis implicates a
lack of growth-supporting nutrients. This was not due to a
lack of available phosphate (Hoi et al. 2006) as all SESOM
contained sufficient phosphate and other cations and anions
required for growth. Supplementation of beech and grass-
land SESOM with phosphate did not restore growth (data
not shown). The lack of growth in these SESOMs is
ascribed to the extremely low concentration of organic
substrates. Specifically, beech and grassland SESOM
contained one tenth the carbon of oak SESOM (Table 4).
Belitzky minimal medium used to grow B. licheniformis

Fig. 5 Consumption of selected
oak SESOM metabolites by B.
licheniformis DSM 13 along the
growth curve (x). Values for
metabolites are presented in
percent, whereas the pure oak
SESOM is 100% (n=3, inde-
pendent cultivations). Metabo-
lites: open squares glucose,
open circles trehalose, open tri-
angles sucrose, open diamonds
fumaric acid, filled squares leu-
cine, filled circles proline, filled
triangles alanine
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under glucose-limiting conditions contains 65-fold the
carbon of grassland or beech SESOM (Voigt et al. 2007).

The results demonstrated that oak SESOM is a suitable
system for studying the ecophysiology of autochthonous
and allochthonous soil bacteria under more defined labora-
tory conditions. Not all soil-derived media support the
growth of soil bacteria like B. licheniformis DSM 13, so a
prior evaluation is required.

Amino acids

An elution approach to amino acid analysis in actively
farmed soil yielded a 1,000-fold lower concentration, albeit
containing a wide spectrum of both polar and nonpolar
amino acids (Fischer et al. 2007). This may be due in part
to a higher amino acid concentration in the forest soil, but it
also may be due to the more rigorous extraction approach
used for preparing SESOM. Shaking may, therefore, be a
more suitable approach than water elution for extracting the
water-soluble fraction of LMWOS.

The amino acid analysis reflected a high concentration
and diverse array of 14 amino acids, including polar and
apolar amino acids for oak SESOM. This soil medium
contained an organic sulfur source in methionine, but no
basic amino acids were detected. The free amino acids in
SESOM are likely due to proteolytic degradation of native
proteins derived from detritus. Common amino acid
biomarkers like the nonprotein amino acid ornithine for
bacteria or hydroxyproline for plants (Allard 2006) were
not detected in SESOM, perhaps because these were
associated in some way with humic acids or peptides. The
main amino acid in SESOM was glutamic acid, also
described for two soils (Amelung and Zhang 2001), so it
may serve as easily accessible energy and nitrogen source
for soil-dwelling bacteria. A recent proteomic analysis of B.
cereus growing in SESOM indicated the uptake and usage
of amino acids (Luo et al. 2007).

Carbohydrates

Monosaccharides, disaccharides, oligosaccharides, and poly-
saccharides are the major forms of photosynthetically
assimilated carbon in the biosphere and are widespread
among life forms. The primary saccharides in oak SESOM
were the monosaccharide glucose, the disaccharides treha-
lose (mycose), and sucrose (saccharose), all together at
0.15% w/v (Table 4). B. cereus growing in oak SESOM
demonstrated glycolytic activity (Luo et al. 2007), indicating
uptake and growth on sugars occurring in this SESOM. It
furthermore showed signs of interconversion of sugars into
the core glycolytic pathway. Sugar alcohols such as sorbitol
and further hexoses like myo-inositol and mannose were
detected in SESOMs in trace amounts (Table 2). Microbial

consumption of these diverse carbohydrates is likely as soil
bacteria such as B. subtilis encode a diversity of phospho-
transferase systems for carbohydrate uptake (Reizer et al.
1999). Yet, the data may represent a snapshot of the natural
occurrence of saccharides, as carbohydrates have a high flux
in soil due to seasonal input and degradation (Kaiser et al.
2001; Van Hees et al. 2005). The relatively high concentra-
tion of glucose in oak SESOM was surprising as this is
widely viewed as the preferred carbon and energy source to
a host of heterotrophic bacteria (Tobisch et al. 1999; Shivers
et al. 2006). As glucose uptake systems are widespread
across the bacterial domain, any residual glucose in soil
should be attributed to either sorption or location at a site
distal to the closest active cell. Polysaccharides such as
cellulose and xylan possibly derived from plants were not
found as their detection requires different analytical methods
to those used in this study.

Low-molecular-weight organic acids

LMWOAs are common in soils, especially in the zone of
the soil–root interface. Concentrations of aliphatic organic
acids in soil solutions generally range from less than 1 µM
to 10 mM (Strobel 2001; Sandnes et al. 2005). B. cereus
growing in oak SESOM showed a response to the fatty acid
pool by expressing a range of proteins involved in fatty acid
metabolism (Luo et al. 2007). Organic acids represent a
readily utilizable carbon source for microorganisms in the
soil and contribute, therefore, for facilitation of microbial
processes of great significance for soil nutrient cycling. Soil
solutions are often characterized by higher concentrations
of monocarboxylic acids than of dicarboxylic and tricar-
boxylic acids (Strobel 2001), and oak SESOM conforms
with this trend, whereas beech and grassland SESOM do
not. We identified monocarboxylic acids (e.g., formic,
pyruvic, acetic, butyric, lactic, and tetronic acids) at higher
concentration than the dicarboxylic and tricarboxylic acids
fumaric, malic, succinic, and citric acids. Most of these
LMWOA are intermediates of carbon catabolism in bac-
teria. They can also derive from old and damaged root cells
(Pizzeghello et al. 2006). Plants and microorganisms efflux
these LMWOAs in times of nutrient overflow or seasonal
changes (Pizzeghello et al. 2006), leading to a residual pool
in soil that is available for consumption by other bacteria.
SESOM had a neutral pH (data not shown), so no influence
of the LMWOAs on pH was observed, possibly caused by
the dissolved salts and organic substances like amino acids
which can serve as a natural buffer.

Inorganic composition of SESOM

The main cations in SESOM are Ca and Mg, also described
by Hafner et al. (2005) for a leachate of a forest soil.
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Anions like phosphate, sulfate, and nitrate are present at
intermediate abundance, but they play a distinct role in
environmental microbiology; these nitrogen and sulfur sour-
ces are essential for bacterial growth. Elements like Mn, Zn,
and others play a crucial role as cofactors for enzymes and for
microbial soil life. On the other hand, toxic elements like
arsenic and bromine are present and able to disturb growth of
bacteria, but it was shown for a Bacillus sp. that resistance
mechanisms can occur (Shivaji et al. 2005). No apparent
growth inhibition was observed for the bacterial strains
tested. Compared to the soil media, BMM contains a 100-
fold higher concentration of inorganic solutes. The require-
ment for these high salt levels has to be reconsidered in light
of the growth yields achieved using oak SESOM.

Growth of the various bacterial strains in SESOM com-
prised of a range of LMWOS and inorganic components, each
of low concentration, indicated that no one compound was
solely responsible for supporting growth. Growth of soil-
derived bacteria of biotechnological importance should,
therefore, be revisited from an ecophysiological perspective
by culturing in media composed of an array of LMWOS at
low concentrations to more closely mimic soil conditions.
Looking on the growth of biotechnologically important B.
lichenifromis utilizing synthetic carbon mixture, which
mimics soil abilities, a clear positive impact on higher cell
yields and longer cultivation time compared to media which
contains only glucose as single carbon source was observed.

We show in this study that SESOM prepared from
certain soils supports the growth of a range of soil-derived
bacteria. The extract contains a diverse array of organic and
inorganic matter. SESOM can, therefore, be used for
detailed ecophysiological studies of a range of soil bacteria
in culture, and possibly also previously uncultured species,
under defined laboratory conditions. SESOM was amenable
to determination of the extracellular metabolite pool,
indicating the usefullness of this approach for more
complex ecophysiological studies of soil bacteria growing
on the soluble substrates present in soil, such as integrated
proteomic, transcriptomic, or metabolomic analyses.
SESOM could also be investigated for increased success
in isolating previously uncultured or novel soil bacteria.
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