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Importance of soil organic matter for the diversity
of microorganisms involved in the degradation of
organic pollutants

Dominik Neumann, Anke Heuer, Michael Hemkemeyer, Rainer Martens and Christoph C Tebbe
Thünen Institute of Biodiversity, Federal Research Institute for Rural Areas, Forestry and Fisheries,
Bundesallee 50, Braunschweig, Germany

Many organic pollutants are readily degradable by microorganisms in soil, but the importance of soil
organic matter for their transformation by specific microbial taxa is unknown. In this study, sorption
and microbial degradation of phenol and 2,4-dichlorophenol (DCP) were characterized in three soil
variants, generated by different long-term fertilization regimes. Compared with a non-fertilized
control (NIL), a mineral-fertilized NPK variant showed 19% and a farmyard manure treated FYM
variant 46% more soil organic carbon (SOC). Phenol sorption declined with overall increasing SOC
because of altered affinities to the clay fraction (soil particles o2mm in diameter). In contrast, DCP
sorption correlated positively with particulate soil organic matter (present in the soil particle
fractions of 63–2000 lm). Stable isotope probing identified Rhodococcus, Arthrobacter (both
Actinobacteria) and Cryptococcus (Basidiomycota) as the main degraders of phenol. Rhodococcus
and Cryptococcus were not affected by SOC, but the participation of Arthrobacter declined in NPK
and even more in FYM. 14C-DCP was hardly metabolized in the NIL variant, more efficiently in FYM
and most in NPK. In NPK, Burkholderia was the main degrader and in FYM Variovorax. This study
demonstrates a strong effect of SOC on the partitioning of organic pollutants to soil particle size
fractions and indicates the profound consequences that this process could have for the diversity of
bacteria involved in their degradation.
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Introduction

Most organic compounds entering the soil, including
many man-made pollutants, are degradable by
indigenous microorganisms. The compounds’ mole-
cular structure defines not only their potential
uptake and metabolic transformation by the micro-
bial cells, but also their sorption and desorption
behavior, which have a strong effect on their mass
transfer within the soil matrix (Bosma et al., 1997).
Sorption and desorption processes in soils can occur
at mineral, organo-mineral or organic particle
surfaces, and, considering the complex composition
and architecture of a soil, the overall sorption of an
organic compound is, in fact, a composite of many
particular surface interactions occurring in parallel
(Wu and Gschwend, 1986). Although sorption and
desorption to particular soil materials, for example,
pure clay minerals, can be well established and

mathematically characterized, the soil complexity
and its natural variability make it very hard to
predict mass transfer rates of organic compounds in
real soils (Karickhoff, 1981; Haggerty and Gorelick,
1998).

Soil organic matter is considered to be the single
most important constituent influencing sorption of
compounds in soil (Farenhorst, 2006). It originates
from plant, animal and microbial residues, and, it is
composed of many different organic molecules. The
organic material may be highly degraded and
stabilized, especially when forming complexes with
mineral particles; or it may be potentially more
accessible to microbial degradation as particulate
organic matter (POM), the latter typically with
characteristic features of plant residues (Schulten
et al., 1993). Depending on the soil particle size
fractions, which can be distinguished as clay
(o2mm), fine silt (2–20 mm), coarse silt (20–63mm)
and sand (63–2000mm), the composition of their
associated organic matter is also different
(Christensen, 1992; Guggenberger et al., 1994;
Kögel-Knabner et al., 2008). This heterogeneity of
soil organic matter also has a tremendous effect on
their sorption potential (Xing et al., 1996; Huang
et al., 2003), and it can thus be expected that
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partitioning of organic pollutants is strongly affected
by soil particle size fractions. Recently, we could
demonstrate that these particle size fractions within
one soil are also colonized by distinct microbial
communities (Neumann et al., 2013).

The objective of this study was to analyze whether
the different sorbent qualities of soil organic matter
of soil particle size fractions would affect the
partitioning of organic pollutants and thereby
possibly the diversity of microorganisms involved
in their degradation. In order to compare the
importance of soil organic matter for the particular
size fractions, three soil variants from the ‘Static
fertilization experiment’ from Bad Lauchstädt,
Germany, were analyzed and compared. Different
fertilization regimes over a period of4100 years had
generated soil variants, which substantially differed
in their amount of soil organic carbon (SOC) and
microbial biomass (Böhme et al., 2005).

Phenol and 2,4-dichlorophenol (DCP) were
selected as environmentally relevant model com-
pounds for organic pollutants. Both are listed among
the priority pollutants of the EPA (United States
Environmental Protection Agency), and they are
readily degradable in soil (Ghisalba, 1983; Benoit
et al., 1999; Lillis et al., 2009). Soil bacteria and
fungi that transform these compounds under labora-
tory conditions have been described (Haider et al.,
1974; Middelhoven, 1993). However, as for most
organic pollutants, the implications of their parti-
tioning to soil particle size fractions and the
importance of soil organic matter therein for their
microbial degradation are not understood.

In this study, we assessed (1) the sorption of
phenol and DCP to three soil organic matter variants
and their particle size fractions; (2) the degradation
of phenol and DCP by following the release of 14CO2

from 14C-labeled compounds during soil incubations
and (3) the diversity of bacteria and fungi degrading
the compounds. DNA stable isotope probing (SIP)
was used to achieve the third goal. SIP, as intro-
duced by Radajewski et al. (2000), allows to access
the nucleic acids of microorganisms participating in
the degradation of 13C-labeled compounds without
culturing them in growth media. The method was
suitable to detect and identify microorganisms
involved in the degradation of different organic
pollutants (Mahmood et al., 2005; Cupples and
Sims, 2007; Martin et al., 2012; Uhlik et al., 2012),
and, thus, it was selected to identify the actively
phenol and DCP-degrading microbial community
and compare their diversity from the three SOC
variants selected for this study.

Materials and methods

Soil, soil variants and soil sampling
The soil of this study originated from the ‘Static
fertilization experiment’ in Bad Lauchstädt,
Germany (511240N, 111530E). It is a Haplic Chernozem

derived from loess (Altermann et al., 2005); a silt
loam consisting of 21% (wt/wt) clay, 67.8% silt and
11.2% sand (Blair et al., 2006). The ‘Static fertiliza-
tion experiment’ started in the year 1902 and is
described in more detail elsewhere (Körschens et al.,
1998; Böhme and Böhme, 2006). Three fertilization
variants were chosen for this study: the NIL variant
with no addition of agricultural fertilizers, the NPK
variant with mineral fertilizer on an annual basis
and the FYM variant with mineral fertilizer on an
annual basis and farmyard manure at 20 t ha� 1 every
second year (Blair et al., 2006).

The soils of this study were collected in October
2008, 2 years after the last farmyard manure
application. Samples were taken from the plough
layer (0–30 cm depth). For each variant, combined
samples originated from four different subplots of
25m2 of which two pairs were located next to each
other, and the others in a distance of 16.5m. The
soils were sieved (mesh size 2mm), adjusted to
50–55% of their total water holding capacity and
stored at 4 1C. Before experiments, they were
adapted to room temperature for 48 h.

Physicochemical soil analyses
Total organic carbon was determined by dry com-
bustion (Element Analyzer; TruSpec CN, Leco, St
Joseph, MI, USA). The pH was determined in soil
suspensions (10 g in 20ml of 0.01M CaCl2 solution).

Soil microbial biomass was quantified by
chloroform–fumigation incubation (Jenkinson and
Powlson, 1976) for characterization of field col-
lected soils, and by chloroform–fumigation extrac-
tion (Vance et al., 1987) for analyzing the
partitioning of 14C-label from 14C-phenol and
14C-DCP after incubations in soil microcosms.

Soil fractionation was based on the ultrasonica-
tion wet-sieving centrifugation protocol described
by Amelung et al. (1998), with modifications
described elsewhere (Neumann et al., 2013). POM
was separated by density fractionation and quanti-
fied as described before (Neumann et al., 2013).

Organic pollutants and adsorption studies
Phenol (499% purity; Sigma Aldrich Chemie,
Steinheim, Germany) and DCP (99%, Sigma Aldrich
Chemie) were chosen for this study. [UL-14C] phenol
(14C-phenol) and [UL-14C] 2,4-dichlorophenol (14C-
DCP) were both obtained from GE Healthcare
(Chalfont St Giles, UK). [UL-13C] phenol (13C-
phenol; 99.2 atom % 13C) was obtained from
IsoSciences (King of Prussia, PA, USA) and
[UL-13C] 2,4-dichlorophenol (13C-DCP;499 atom %
13C) from Campro-Scientific (Veenendaal, The
Netherlands).

Sorption isotherms to soils were established using
the OECD protocol 106 (OECD, 2000). Accordingly,
microbial activity was inhibited by addition of
HgCl2 (Wolf et al., 1989). 14C-labeled compounds
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(15 kBq for phenol; 20.6 kBq for DCP) were added as
tracers to the soil suspensions. After equilibration
under shaking at 250 r.p.m. for 48 h and 20 1C in the
dark, the suspensions were centrifuged for 10min at
2450� g and 500ml-aliquots of the supernatants
were analyzed for 14C-activity by liquid scintillation
counting in 18ml of a scintillation cocktail
(Rotiszint eco-plus, Roth, Karlsruhe, Germany;
Liquid scintillation counter LS1801, Beckman Coulter,
La Brea, CA, USA). The centrifuged sediments were
frozen at � 20 1C. For soil fractionation, the thawed
sediments were suspended in 50ml of distilled
water. The particle size fractions were dried at 40 1C
and the adsorbed 14C-activity was determined after
combustion (Biological Oxidizer Ox 300, Harvey
Instrument Corp., Hillsdale, NJ, USA), captured as
14CO2 in a scintillation cocktail (Oxysolve C-400,
Zinsser-Analytic, Frankfurt, Germany), by liquid
scintillation counting.

Soil incubations with 14C- and 13C-labeled phenol and
DCP
Degradation experiments were performed in soil
microcosms, each consisting of a 250-ml flask with
50 g soil (dry weight) at 50–55% water saturation,
under continuous flow of water-saturated CO2-free
air (Martens, 1985). At the onset of the incubations,
phenol or DCP solutions, equivalent to an end
concentration of 5mM in the soil aqueous phase
and containing 14C-labeled compounds (10.83 kBq
for phenol; 11.56 kBq for DCP) were added to the
soils. Microcosms were incubated for 15 days with
phenol, or 21 days with DCP, and liberated 14CO2,
captured in 2 N NaOH, was analyzed by liquid
scintillation counting, as described above. Four
independent replicated microcosms were analyzed
for each soil and experimental variant.

For SIP (Neufeld et al., 2007), soil incubations
were conducted under the same conditions, but
with 5 g of soil in 100-ml flasks (initial concentra-
tion in soil water 5mM; 50–55% water saturation)
with 13C-phenol and 13C-DCP, respectively. Corre-
sponding controls with non-labeled compounds
were also set up and analyzed. Samplings were
conducted according to the respective degradation
activity seen with the formation of 14CO2 after 1, 2, 4,
7, and 14 days for phenol, and after 9, 14 or 21 days
for DCP, respectively. For each sampling, soil
incubations were terminated by freezing the
samples to � 20 1C.

DNA extraction
DNA was extracted from thawed soil samples with
the Bio101 FastDNA Spin Kit for Soil (MP Bio-
medicals, Solon, OH, USA). Cell lysis was achieved
by two subsequent steps of bead beating, each at
6.5ms�1 in a FastPrep-24 apparatus (MP Biomedi-
cals). The DNA solutions were purified by Gene-
clean columns (MP Biomedicals) and quantified by

PicoGreen (MoBiTec, Göttingen, Germany). For each
microcosm, DNA was extracted from two 0.5 g soil
aliquots and combined.

DNA analyses of CsCl-gradient fractions
Equal amounts of DNA from three independent
microcosms were pooled and 600ng of DNA were
added to a CsCl solution with a density of
1.72 gml�1. The density was analyzed with an
AR200 digital refractometer (Reichert, Depew, NY,
USA). Density centrifugations were performed in
4.9ml OptiSeal tubes (Beckman Coulter) in an
Optima L-100 XP ultracentrifuge (vertical rotor VTI
65.1, Beckman Coulter) for X 40h at maximum
relative centrifugation force (RCFmax) of 180 000� g
and 20 1C. A total of 15 fractions, each approxi-
mately 350 ml, were obtained by displacing the
gradient solution with distilled water using an LK
B pump (Produkar AB, Sweden) and the DNA was
precipitated with polyethylene glycol.

Partial bacterial 16S ribosomal RNA (rRNA) genes
were amplified from DNA using primers Com1 and
Com2 (Schwieger and Tebbe, 1998), and NSI1 and
58A2R for fungal 18S-ITS1-5.8S rRNA sequences
(Martin and Rygiewicz, 2005) under conditions
described therein. The reverse primers were phos-
phorylated to be suitable for subsequent genetic
profiling using single-strand conformation poly-
morphism (SSCP; Schwieger and Tebbe, 1998).
Triplicate amplifications, each in a 50 ml volume,
were performed for each sample and then pooled.
After digestion of the phosphorylated DNA-strand
with lambda exoncuclease (New England Biolabs,
Frankfurt, Germany), DNAwas analyzed by SSCP as
described before (Dohrmann and Tebbe, 2004).

Cloning of PCR products and DNA sequence analyses
The identification of DNA sequences recovered from
bands of SSCP profiles followed the protocol
described elsewhere, with three clones selected to
identify each band of interest (Dohrmann and Tebbe,
2005).

DNA sequences were also identified from clone
libraries of rRNA gene fragments amplified from
DNA of SIP gradient fractions with a density of
1.72 gml�1 and denser, when there were no indica-
tions of PCR products from the corresponding
fractions obtained from DNA originating from
microcosms amended with unlabeled (12C) com-
pounds. For bacteria, DNA was amplified with
primers Com1 and Com2 as described above. For
fungi primers ITS1f (Gardes and Bruns, 1993) and
ITS4r (White et al., 1990), targeted an 18S-ITS1-
5.8S-ITS2-28S rRNA gene fragment. Fungi-specific
amplifications were performed in a total volume of
50 ml containing template DNA, 0.025Uml�1 of
HotStarTaq polymerase (Qiagen, Hilden, Germany),
1� buffer, 0.2mM dNTP, 0.5 mM of each primer, a
final concentration of MgCl2 of 2.75mM, and bovine
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serum albumin (Roche, Mannheim, Germany) in a
final concentration of 0.4 mg ml� 1. Thermal cycling
conditions: 15-min initial denaturation at 95 1C, 30
cycles of denaturation at 94 1C for 30 s, annealing at
52 1C for 30 s and extension at 72 1C for 60 s, and a
final primer extension at 72 1C for 5min. Triplicate
PCR products were pooled, purified with the
QIAquick PCR purification system (Qiagen) and
cloned in Escherichia coli JM109 cells using the
pGEM-T Vector System II (Promega, Madison, WI,
USA). For each soil variant, 50–60 clones were
randomly selected and sent for DNA sequencing to
GATC-Biotech (Konstanz, Germany).

Nucleotide sequences were checked with the
GATC Viewer (GATC-Biotech) and Mega 4 (Tamura
et al., 2007). The Pintail program was used to screen
for chimera (Ashelford et al., 2005) which, in case of
detection, were removed. Phylogenetic assignment
and further processing of the sequences was done
using the ARB software (database ssu_jan05, Ludwig
et al., 2004). Corrected sequences were compared
with DNA sequences from public databases (NCBI:
http://www.ncbi.nlm.nih.gov; RDP: http://rdp.cme.
msu.edu; Cole et al., 2009) using the BLAST
function (Altschul et al., 1990).

Mathematical analyses
The degree of proton dissociation of phenol and DCP
under different pH values was determined by using
the Henderson–Hasselbalch equation. Phylogenetic
trees were calculated with the tree builder function of
the ARB-software (Ludwig et al., 2004), using the
AxMLþ algorithm (Stamatakis et al., 2004). Results
displayed as bar plots, line plots or line-scatter plots
are expressed as mean and s.d. For statistical
analyses, one-way analysis of variance and succes-
sive Bonferroni t-tests were conducted using Sigma-
Plot (11.0; Systat Software, Chicago, IL, USA).

DNA sequence accession
All DNA sequences obtained in this study have been
submitted to the EMBL database. Their accession
numbers are HG422058–HG422170.

Results

Selected characteristics of the three soil variants NIL,
NPK and FYM
The long-term treatment with mineral and organic
fertilizer lowered the pH by 0.9 and 1.0 in
comparison with NIL with no significant differences
between NPK and FYM. Fertilization increased the
amounts of SOC and total microbial biomass, with
FYM having a stronger effect than NPK (Table 1).
The application of FYM caused an increase in the
proportion of the sand-sized particle size fractions
because of more POM.

Most soil organic matter, measured as SOC, was
associated with the clay fraction and its content was

not significantly affected by the different long-term
fertilization regimes (Table 2). In contrast, the SOC
levels of the largest particle size fraction (sand plus
POM) showed a strong response, with an increase of
59% in the NPK and 314% in FYM.

Sorption of phenol and DCP
Sorption of both organic pollutants (phenol, DCP)
occurred for all initial concentrations (0.001–10mM)
tested (Figure 1). Sorption of DCP was always
stronger than that of phenol. Although the absolute
quantity of sorbed compounds increased with their
higher initial concentrations, the relative amount
tended to decline, except for phenol in the NIL
variant. For phenol, long-term fertilization caused a
decline in the amount of sorbed compound, which
correlated negatively with the total amount of SOC.
The opposite was seen with DCP: sorption increased
with SOC.

Particle size fractionations of soils incubated with
10mM initial concentrations of the respective 14C-
labeled organic compounds revealed that the largest
proportion of phenol was adsorbed to clay, whereas
most of the DCP was found with the sand-sized
particle size fraction containing POM (Figure 2).
Apparently, these dominant fractions also caused
the overall contrasting effects of soil organic matter
seen in the non-fractionated soils: although the
negative correlation between SOC and sorbed
phenol was due to processes at the clay fraction,
the positive correlation of DCP with SOC was

Table 1 Characterization of the three soil variants selected for
this study from the ‘static fertilization experiment’ in Bad
Lauchstädt, Germany

Long-term fertilization regime* Soil variant

NIL NPK FYM

No
fertilizer

Mineral
fertilizer

Mineral fertilizer
plus farmyard

manure

Soil organic carbon (g kg� 1) 17.7a 21.1b 25.9c

Soil microbial biomass (mgkg�1)** 129a 164b 264c

pH value 7.4a 6.4b 6.5b

Soil particle size fractions (%)***
Sand and POM (63–2000 mm) 5.8 6.3 7.8
Coarse silt (20–63 mm) 40.1 39.6 39.0
Fine silt (2–20 mm) 31.1 34.1 30.1
Clay (o2 mm) 23.2 20.4 23.2

Abbreviation: POM, particulate organic matter.
Values followed by different alphabets indicate differences between
soil variants.
*Fertilizations were conducted on an annual basis according to good
agricultural practice since 1902; farmyard manure was only applied
every second year—sampling was conducted in October 2008,
24 months after the last application of farmyard manure.
**Determined by chloroform–fumigation incubation, according to
Jenkinson and Powlson (1976).
***Achieved using the ultrasonication wet-sieving centrifugation
method according to Amelung et al. (1998), modified by Neumann
et al. (2013).
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caused by the sand–POM fraction. A separate
experiment confirmed that sorption of DCP (as well
as for phenol) in the sand-sized fraction was caused
to a great extent by POM and not by the mineral
sand particles (data not shown). The overall nega-
tive correlation between SOC and phenol sorption
masked a positive correlation with SOC in the sand-
sized fraction and in coarse silt.

Degradation of phenol and DCP
14CO2 was released in NPK and FYM soil variants
from 14C-phenol (initial concentration 5mM) at the
same initial rates (Figure 3a) with a maximum after 2
days. The maximum activity of NIL was 24-h
delayed. The cumulative curves showed that the
mineralization of phenol during the 15-day period
was equally efficient in NIL and NPK and 14% less
with FYM. Mass balances after 15 days indicated a
total recovery of 14C-labeled compounds (originating
from phenol) of 91–92%, including 14CO2 and

14C-residues in soil. A total of 2.1–2.3% of this
carbon allocation were detected in the microbial
biomass (Supplementary Table S1).

The rates of 14C-DCP mineralization differed
highly between the soil variants. The highest
degradation rates and strongest cumulative degrada-
tion was found with NPK: a significant production
of 14CO2 started after 6 days, reached a maximum
after 9 days and then declined until 21 days
(Figure 3b). Somewhat similar kinetics, however,
with much lower activities were detected for the
FYM variant. When the microcosms were sacrificed
after 21 days, mass balances indicated a total 14C-
recovery of 93–100%. A total of 0.15% (NIL variant)
to 0.64% (NPK) of this carbon allocation were
detected in the microbial biomass (Supplementary
Table S1).

In a separate experiment, it was tested whether
the addition of nitrogen, phosphorous or potassium
(NPK) would stimulate DCP degradation by the
NIL and FYM soil variants. However, this addition
had no effect on the degradation rates of DCP
or the total recovery of added 14C (Supplementary
Table S2). In another experiment, it was tested
whether the presence of 5mM DCP was toxic for soil
microorganisms by measuring basal respiration in
presence and absence of DCP for the three soil
variants. There was no adverse effect observed
(data not shown).

Identification of microorganisms involved in the
degradation of phenol
Density centrifugations with DNA extracted from
microcosms incubated for 4 and 7 days, respectively,
yielded no heavy (13C-enriched) DNA extracted from
control soils incubated with 12C-phenol, as indi-
cated by a lack of PCR products targeting the
bacterial or the fungal rRNA genes (Supplementary
Figures S1 and S2). Similarly, there were no visible
PCR products for both targeted domains with DNA

Table 2 Amount and partitioning of SOC to soil particle size
fractions

Particle size fractionsa Amount of soil organic carbon per g particle size
fraction (mg g� 1) (contribution to total Corg in

non-fractionated soil (%))

Soil variantsb

NIL NPK FYM

Sand and POM (63–2000mm) 9.2±1.1 (3) 14.6±0.6 (5) 38.1±4.7 (10)
Coarse silt (20–63mm) 4.0±0.2 (9) 3.4±0.1 (8) 11.1±0.5 (18)
Fine silt (2–20mm) 14.6±0.3 (28) 15.9±0.9 (30) 18.8±1.3 (26)
Clay (o2mm) 43.4±1.6 (60) 44.5±0.9 (58) 46.8±3.1 (46)

Abbreviations: POM, particulate organic matter; SOC, soil organic
carbon.
aAchieved using the ultrasonication wet-sieving centrifugation
method according to Amelung et al. (1998), modified by Neumann
et al. (2013).
bFor more details, see Table 1 and Materials and methods section.

Figure 1 Freundlich isotherms of phenol (a) and DCP (b) sorbed by soil variants generated by long-term fertilization receiving no
fertilization (NIL), mineral fertilization (NPK) and mineral and organic fertilization (FYM) for a period of 4100 years; for more details,
see Materials and methods section. The initial concentrations of phenol and DCP in the soil aqueous phase were 0.001, 0.01, 0.1, 1 and
10mM, respectively.
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extracted from soils amended with 13C-phenol
immediately after its addition to soil (data not
shown). After 24-h soil incubation with 13C-phenol,
several faint bands became detectable (no figure),
and their intensities increased after 4 days of
incubation (Figure 4a, left panel). The pattern of
these bands was repeated in 7-day (Figure 4a) and
14-day (no figure) samples. Two groups of bands
appeared equally strongly in the DNA extracted

from the NIL variant. Although the intensities of the
upper group of bands was similar with DNA from
the NPK and NIL variant, the lower group of bands
apparently declined in intensities in NPK, and even
more in FYM (Figure 4a). DNA sequencing of upper
bands indicated that they mainly originated from
Rhodococcus sp. (sequence identity X99%),
whereas the lower bands were caused by Arthro-
bacter sp. (X99%) (Supplementary Figure S3 and

Figure 2 Sorption of phenol (a) and DCP (b) to soil particle size fractions of the three soil variants NIL, NPK and FYM, respectively.
The initial concentration in the soil aqueous phase was 10mM.

Figure 3 Mineralization of 14C-labeled phenol (a) and DCP (b) in soil microcosms, including the three soil variants NIL (empty circles),
NPK (gray-filled circles), FYM (filled circles), respectively. Left panels show mineralization rates, right panels show the cumulative
fractions collected as 14CO2. Stars at the x axis in the left panels indicate the time points of sampling for SIP (for results, see Figures 4 and 5).
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Supplementary Table S3). Independent clone
libraries from density fractions with 1.72 gml�1

confirmed the dominant occurrence of these two
Actinobacteria and the decline of Arthrobacter with
increasing amounts of SOC in the fertilized variants
(Figure 4b). The three clone libraries also revealed the
presence of other Actinobacteria and several mem-
bers of the phyla Proteobacteria (including Alpha-,
Beta-, Gamma- and Deltaproteobacteria), Firmicutes,
as well as singletons from other phylogenetic groups
(Supplementary Table S4). Overall, 64 different
bacterial taxa (phylotypes) were detected.

With fungi-specific PCR, one dominant and six less
dominant bands appeared in SSCP profiles of the
heavy DNA fractions after 4 and 7 days (Figure 5a). No
differences were seen between band intensities
obtained from the three soil variants. Sequencing of
the dominant band indicated that it originated from a
member of the Basidiomycota (99% identity to the
yeast Cryptococcus sp.), whereas the less dominant
bands came from Ascomycota and Zygomycota,

respectively (Supplementary Figure S4 and
Supplementary Table S5). Independent clone libraries
based on larger DNA fragments confirmed the dom-
inance of Cryptococcus sp. (sequence identity X99%)
independent of the soil variant (Figure 5b;
Supplementary Table S6).

Identification of microorganisms involved in the
degradation of DCP
Owing to small degradation rates of DCP in the NIL
variant, SIP was only performed with DNA from
NPK and FYM. Controls from microcosms incubated
with 12C-DCP were analyzed after incubations for 9
and 21 days, respectively. At the first sampling, after
9 days, bacterial PCR products were detected in the
heavy DNA fractions of the NPK variant incubated
with 13C-DCP, but not with DNA from the 13C-DCP
FYM variant, or both variants incubated with
12C-DCP (Figure 6; Supplementary Figure S5). The
two different SSCP bands, which were detected with

Figure 4 (a) SSCP profiles of partial 16S rRNA gene products PCR amplified from density gradient fractions of soil DNA frommicrocosms
incubated with 13C-phenol. Comparisons of results obtained from soil variants NIL, NPK and FYM, incubated over a period of 4 days (left
panel) and 7 days (right panel), respectively. Brackets indicate lanes with density fractions in the range of 1.71–1.73gml�1. Each band
represents a specific PCR product. No specific PCR products were detected in the corresponding density fractions with DNA from soil
incubated with unlabeled (12C) phenol as a control (shown on SSCP gels in the Supplementary Figure S1). For more details of the DNA
sequences from these bands, see Supplementary Figure S3 and Supplementary Table S3. (b). Phylogenetic assignment of partial 16S rRNA
genes from clone libraries of the same soil DNA solutions after 4 days of incubation (for more details, see Supplementary Table S4).
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13C-DCP, persisted in samples taken after 14 and
21 days, respectively. For the FYM variant incubated
with 13C-DCP, one dominant band was detected in
the heavy DNA fractions after 14 days, and the same
band also after 21 days. Faint bands were also
detected in the corresponding fractions after 21 days
of incubation with 12C-DCP (Supplementary Figure S5).
However, those bands were in the same position in
the SSCP gels as the bands from the lighter fraction,
whereas the bands from incubations with 13C-DCP
were clearly in a different position, demonstrating
that those were caused by DNA enriched in
13C. DNA sequencing revealed that the two upper
bands from the NPK variant incubated with 13C-DCP
consisted of nearly identical sequences with full
identity to 16S rRNA genes of Burkholderia sp.
(Figure 7). The 13C-enriched band detected from
DNA of the FYM variant could be assigned with
100% sequence identity to a Variovorax sp. No PCR

products were detected with fungi-specific PCR
from any of the CsCl-gradient fractions, indicating
that fungi did not utilize significant amounts of DCP
for growth.

Discussion

The three soil variants of this study differed in their
total amount of soil organic matter, measured as
SOC, and in their pH. Although there was a gradual
increase of SOC in response to the intensity of
fertilization (NILoNPKoFYM), the pH of both
fertilized variants was 0.9–1.0 units below the pH
of NIL (7.4), and not significantly different from
each other. Similarly for phenol and DCP, the three
key parameters selected for this study, that is,
(1) sorption, (2) mineralization rates and (3) diversity
of the microbial communities participating in their

Figure 5 (a) SSCP profiles of PCR amplified fungal 18S-ITS1-5.8S rRNA gene products from density gradient fractions of soil DNA from
microcosms incubated with 13C-phenol. Results are shown for samples obtained from soil variants NIL, NPK and FYM, incubated over a
period of 4 days (left panel) and 7 days (right panel), respectively. Brackets indicate lanes with density fractions in the range of 1.71–
1.73 gml�1. Each band indicates a specific PCR product. No specific PCR products were detected in the corresponding fractions with
DNA from control soil incubated with unlabeled phenol (see Supplementary Figure S2). More details on the DNA sequences from the
bands detected from the fractions with 13C-enriched DNA are shown in the Supplementary Figure S4 and Supplementary Table S5.
(b) Phylogenetic assignment of the 18S-ITS1-5.85S-ITS2-28S rRNA sequences from clone libraries of the same soil DNA solutions after
4 days of incubation (for more details, see Supplementary Table S6).
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degradation, the dissimilarity of these parameters to
NIL increased with the amount of SOC, but did not
correlate with differences in pH. Considering their
different pKa values (phenol: 9.99; DCP: 7.89),
499.7% of the phenol molecules in NIL and the
fertilized controls must have been non-dissociated.
However, with DCP, almost 25% would be nega-
tively charged in the NIL, but only 3–4% in the
fertilized variants. The minor importance of these
pronounced charge differences on our results can be
explained by the heterogeneous sorption potential
of organic matter (Xing and Pignatello, 1996) for
both ionic and non-ionic compounds (Ahmad et al.,
2001; Tulp et al., 2009).

Opposing patterns of sorption were found for
phenol and DCP. For phenol, the overall sorption to
soil declined with increasing amounts of SOC, and
for DCP sorption it increased. Particle size fractiona-
tion revealed that the smallest and largest size
fractions, that is, clay and sand-sized particles, were
the most important sorbents; and they also
explained these contrasting results: the importance
of clay as a sorbent is linked to its large surface area,

which, for these particular soil variants, represented
73–76% of the total (Neumann et al., 2013). On the
other hand, the sorptive capacity of the largest
fraction can be explained by presence of POM. The
1.5- and 4-fold higher amounts of SOC in this
fraction from NPK and FYM, respectively, clearly
explains the increased sorption of DCP; and it also
demonstrates a relatively low affinity of POM for
phenol. Considering that the long-term fertilization
did not affect the amounts of SOC detected in the
clay fraction, it is not as straightforward for phenol
to explain the effect of clay on its sorption. Recently,
however, advanced spectroscopic methods revealed
qualitative differences in the composition of soil
organic matter at the clay fractions from these soil
variants (Demyan et al., 2012). It was suggested that
soil organic matter of clay consists of at least two
different fractions: one responsive to environmental
change, like induced by long-term fertilization, and
the other not (Leifeld and Kögel-Knabner, 2005).
Thus, phenol sorption by clay may have been
dominated by interactions with the responsive
constituents, whereas DCP sorption would have

Figure 6 SSCP profiles of partial 16S rRNA gene products PCR amplified from density gradient fractions of soil DNA from microcosms
incubated with 13C-DCP. Comparisons of results obtained from soil variants NIL, NPK and FYM, incubated over a period of 9, 14 and 21
days, respectively. Brackets indicate lanes with density fractions in the range of 1.71–1.73 gml�1. Each band represents a specific PCR
product. No specific PCR products were detected in the corresponding density fractions with DNA from control soil incubated with
unlabeled (12C) DCP (Supplementary Figure S5). Bands (DNA) indicated by numbers 1–6 were sequenced and characterized for the
phylogenetic assignment (see Figure 7).

Figure 7 Phylogenetic tree (maximum likelihood) of 16S rRNA gene sequences cloned from six different bands extracted from SSCP
gels (see Figure 6). Bands were obtained from heavy DNA fractions (enriched with 13C-labeled DNA) by PCR amplification with DNA
extracted from soil microcosms incubated with 13C-DCP.
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been under a stronger influence of interactions with
the more recalcitrant fraction.

The degradation of phenol proceeded faster than
the degradation of DCP. In contrast to DCP, phenol is
a common natural constituent of soil organic
material, as it exists in lignin-related fractions, and
thus, a higher abundance of microorganisms capable
of degrading this compound can be expected.
Therefore, it was not surprising that the two
fertilized variants with generally more microbial
biomass and cells (Böhme et al., 2005; Neumann
et al., 2013) degraded the compound more quickly
than the NIL soil. After 6 days of incubation,
however, the mineralization of phenol in NIL and
NPK soils stabilized at a higher rate than FYM,
suggesting a lower bioavailability of phenol.
While the POM fraction of NIL and NPK originated
exclusively from previously cultivated crops, FYM
also contained organic material from former farm-
yard manure applications. As the nature of the
organic material is important for sorption of phenol
(Xing et al., 1994), binding to organic residues from
farmyard manure might have been stronger than to
organic matter of the NIL and NPK variants.

For 14C-DCP degradation, there was a small and
continuous release of CO2 in soils from the NIL
variant, suggesting that there was no enrichment of
microorganisms utilizing DCP as a carbon or energy
source. Several soil bacteria and fungi have shown
the capacity to cometabolically transform DCP
under laboratory conditions (Haider et al., 1974;
Hofrichter et al., 1994). Our detection of 14C
incorporated into the soil microbial biomass, how-
ever, indicates the use of DCP as a carbon source. In
FYM and NPK, the activity peaks in mineralization
of DCP almost coincided 9–10 days after its
application, and the quantification of the 14C-label
in the microbial biomass indicated more efficient
DCP degradation in NPK (0.64% label in biomass)
than in FYM (0.33%). Considering the strong
correlation between DCP sorption and presence of
POM, this indicates that the mass transfer of DCP to
microbial cells with a potential to degrade the
compound was lower in FYM, thereby limiting its
degradation (Bosma et al., 1997).

Among a consortium of bacteria and fungi
enriched by DNA-SIP with 13C-phenol, two different
Actinobacteria (Arthrobacter sp. and Rhodococcus
sp.) and one yeast (Cryptococcus) were identified as
the main degraders. Other Cryptococcus isolates
degraded phenol in laboratory media (Middelhoven,
1993; Bergauer et al., 2005) and, in one DNA-SIP
study, a member of the same order (Tramellales) was
detected as a phenol degrader in soil (DeRito
and Madsen, 2009). Equally, Arthrobacter and
Rhodococcus isolates can degrade phenol (Margesin
et al., 2005; Karigar et al., 2006; Martinkova et al.,
2009), and members of both genera were detected by
DNA-SIP as phenanthrene degraders in soil (Cebron
et al., 2011). Another DNA-SIP study with phenol
retrieved mainly Gammaproteobacteria from a silt

loam soil (Padmanabhan et al., 2003). The diverging
results suggest that soil and environmental proper-
ties have a strong effect on the diversity of bacteria
involved in phenol degradation.

The diversity of bacteria enriched with 13C-DCP as
a substrate was lower than with 13C-phenol and no
fungi were detected. The differences between the two
soil variants NPK and FYM, however, were striking:
a Burkholderia member metaboled DCP in NPK soil
and a Variovorax in FYM. Isolates of both genera are
known for their capacity to degrade phenolic com-
pounds (Rapp and Timmis, 1999) and 13C-phospho-
lipid analyses, as well as DNA-SIP indicated that
Burkholderia frequently participate in the metabo-
lism of aromatic compounds in soil (Tillmann et al.,
2005; Uhlik et al., 2012).

Soil organic matter, the key variable of this study,
had apparently a huge effect on the diversity of
microorganisms involved in the degradation of both
phenol and DCP. For phenol, there was a gradual
decline of Arthrobacter with increasing amounts of
SOC, whereas the other two degraders, Rhodococcus
and Cryptococcus were not affected. Although it
cannot be excluded that differences in the micro-
organisms contributing to the degradation of phenol
or DCP were also affected by structurally different
microbial communities as they may have evolved
during the long-term fertilizations, we hypothesize
that the observed differences in phenol and DCP
degraders could be linked to different spatial
preferences of the respective microorganisms within
the soil matrix: as the differences in the availability
of phenol were mainly caused by sorption at the clay
fractions, cells of Arthrobacter could be more
closely attached to clay, experiencing the qualitative
changes of the SOC in its microhabitat surfaces. In
contrast, cells of Rhodococcus or Cryptococcus
would preferentially be located in less affected
microsites, as it was the case for POM, sand or silt.
Niche preference for clay within a soil matrix has, in
fact, been demonstrated for a Mycobacterium
degrading polycyclic aromatic hydrocarbons
(Uyttebroek et al., 2006).

The dominance of Burkholderia in the more
actively DCP mineralizing NPK soil does not
necessarily mean that this organism is generally a
better degrader than the Variovorax detected in FYM
soil. Further information about the spatial prefer-
ence of both DCP degraders for specific soil micro-
sites could answer whether the lower degradation in
FYM was mainly caused by the limited mass
transfer of DCP described above, or in fact by eco-
physiological adaptations of both degraders.

In conclusion, this study demonstrates, with the
example of two phenolic compounds of different
sorptive behavior, the strong effect of soil organic
matter on the partitioning of organic pollutants to
soil microsites, as represented by particle size
fractions, and it indicates the profound conse-
quences that this process could have for the
diversity of bacteria involved in their degradation.
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