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Clay minerals and metal oxides strongly influence
the structure of alkane-degrading microbial
communities during soil maturation
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Clay minerals, charcoal and metal oxides are essential parts of the soil matrix and strongly influence
the formation of biogeochemical interfaces in soil. We investigated the role of these parental materials
for the development of functional microbial guilds using the example of alkane-degrading bacteria
harbouring the alkane monooxygenase gene (alkB) in artificial mixtures composed of different
minerals and charcoal, sterile manure and a microbial inoculum extracted from an agricultural soil. We
followed changes in abundance and community structure of alkane-degrading microbial communities
after 3 and 12 months of soil maturation and in response to a subsequent 2-week plant litter addition.
During maturation we observed an overall increasing divergence in community composition. The
impact of metal oxides on alkane-degrading community structure increased during soil maturation,
whereas the charcoal impact decreased from 3 to 12 months. Among the clay minerals illite influenced
the community structure of alkB-harbouring bacteria significantly, but not montmorillonite. The litter
application induced strong community shifts in soils, maturated for 12 months, towards functional
guilds typical for younger maturation stages pointing to a resilience of the alkane-degradation
function potentially fostered by an extant ‘seed bank’.
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The tremendous microbial diversity in soils is,
among other causes, a result of the huge structural
heterogeneity and the enormous variety of biogeo-
chemical interfaces (BGIs) present (Totsche et al.,
2010). It has been postulated that during soil
development different parental materials shape
individual BGIs. They determine to a large
extent the specific surface area and charge
of BGIs and control for example, the water
availability for microorganisms (Young and
Crawford, 2004; Chorover et al., 2007). Such
abiotic properties of BGIs may strongly influence
microbial community structure and function. For
instance, Vogel et al. (2014) demonstrated that
organic carbon preferentially attaches to rough

surfaces of mineral clusters, turning them into
hotspots for microbial activity. In this study,
we investigated the abundance and community
structure of a functional microbial guild (alkane
degraders harbouring the alkane monooxygenase
gene alkB) at two different time points during the
maturation of artificial soils formed from different
parental materials. Thereby we compared artificial
soils after a shorter period of maturation (namely,
3 months) and more developed soil structures
(namely, 12 months of maturation), in each case
before and after the addition of alkane-containing
substrate (plant litter). We hypothesized that the
functional guild studied will be largely influenced
by the availability of alkane substrates, essential
nutrients (for example, nitrogen) and water, which
are largely controlled by differing sorption coeffi-
cients of the used parental materials that undergo
an alteration process over time. Furthermore we
wanted to understand if the ‘dormant or rare
biosphere’ could act as a seed bank and ensure
process stabilization after substrate addition
(Giebler et al., 2013).
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We used eight artificial soils (Pronk et al., 2012) of
identical texture, yet differing in composition
regarding the presence of clay minerals (montmor-
illonite (MT) and illite (IL), metal oxides (ferrihy-
drite (FH) and boehmite (B)) and charcoal (CH).
These materials were chosen as representatives of
common soil components with large and reactive
surface areas, and can be expected to take part in the
formation of BGIs in natural soils (Totsche et al.,
2010). Initially, the development of microbial
communities had been stimulated by adding a
water-extracted fraction of microorganisms from an
agricultural soil, classified as a Eutric Cambisol
(Ultuna, Sweden) together with sterile manure to the
sterile soil components (for details see Supplementary
Material S1.1). We took soil samples after matura-
tion phases of either 3 (T3) or 12 months (T12), in
which we analysed the abundance (quantitative
PCR, qPCR, Supplementary Material S1.2)
and community structure (terminal restriction frag-
ment length polymorphism analysis, T-RFLP,
Supplementary Material S1.3) of alkane-degrading
microbes, as well as response patterns towards the
addition of plant litter from winter wheat after 2
weeks of incubation subsequent to maturation.
Schulz et al. (2012) described the alkane mono-
oxygenase gene (alkB) as a sensitive marker for the

molecular analysis of alkane-degrading bacteria
responding to subtle changes in substrate availabil-
ity that is, fresh plant material, which in general
contains large amounts of easily available alkanes in
form of waxes. The litter was added on top of the
microcosms to create a vertical substrate gradient.
Thus, soil samples were taken from the litter–soil
interface (top 1mm of the soil column; T3-I, T12-I)
and ‘bulk’ soil (10–11mm of the soil column; T3-B,
T12-B). All details on the Materials and Methods
can be found in the Supplementary Material S1.

We detected higher alkB gene copy numbers
in soils matured for 3 than in those matured for
12 months (Figure 1), regardless whether we
analysed them before or after litter addition. Solely
the soil where MT and CH had been added together
exhibited stable alkB abundance patterns at both
time points of maturation. However, the relative
response towards litter addition was often stronger
in soils with a longer maturation history (T12),
particularly when soils contained illite mixtures or
ferrihydrite (Figure 1 and Supplementary Material
S2). The effects were more pronounced in samples
from the litter–soil interface (T3-I and T12-I) than in
bulk soil samples (T3-B and T12-B). A previous
study revealed that the overall CO2 respiration rates
for these artificial soils after 3 and 12 months of

Figure 1 Abundance patterns of alkB genes in artificial soils after 3 (T3) and 12 months (T12). Diamonds (left, y axis) represent alkB
gene abundances in matured soils (T3 in black and T12 in grey; s.e. of n¼ 3). Bars (right, y axis) show a relative comparison between the
response patterns to litter addition after 12 months compared with 3 months in the different artificial soils (litter–soil interface: black
pattern; bulk soil: grey pattern). Avalue of 1 indicates an identically strong response at T12 and T3 to litter addition, a value41 indicates
a stronger and a value o1 a weaker litter response at T12- compared with T3-litter treated samples. The response values were calculated
as quotients of alkB gene abundances after litter treatment vs after maturation, but without litter (for detailed information on calculation
see Supplementary Material S1.4; for absolute alkB gene copy numbers of all treatments and correlation with environmental factors see
Supplementary Material S2).
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maturation were comparable (Pronk et al., 2012).
Several studies therefore concluded that the amount
of organic substrates and nutrients present was
enough to support activity of the total microflora
(Pronk et al., 2012; Babin et al., 2013; Pronk et al.,
2013). However, the lower abundance of alkane
degraders in soils, maturated for 12 months, in
conjunction with the respective stronger response

towards litter addition might reflect a depletion of
easily bioavailable specific substrates (namely,
alkanes) in these soils by degradation and/or
maturation-driven reallocation of nutrients to smal-
ler, poorly accessible soil structures (Kögel-Knabner
et al., 2008; Pronk et al., 2012; Vogel et al., 2014).

The community structure of alkB-harbouring bac-
teria diverged significantly between 3 and 12 months

Figure 2 Community structure of alkB genes in artificial soils illustrated by NMDS. Solid ellipses indicate 95%, dashed ellipses 99% of
community spreads of T3 (red) or T12 (blue; for details see Supplementary Material S4). (a) community differences between matured soil
without litter at T3 (open symbols) and T12 (closed symbols). The eight artificial soils are indicated by colour (for legend see a; n¼1: MT
and IL, n¼ 2: FH, n¼3: all others). Exemplary for selected soils, distances of replicates to their group centroid are represented by dashed
lines, whereby greater distance indicates greater dissimilarity of community structure. (b) alkB community structure before (red or blue
ellipse) and after litter addition (green ellipses). The blue arrow indicates strong community shift of T12. (c, d) show selected soil
components significantly affecting the alkB communities in all T3 or T12 treatments, respectively (Poat least 0.05; for details see
Supplementary Material S4).
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of soil maturation (before litter addition; Figure 2a)
with strong differences in some of the dominant
T-RFs (for example typically present at T3: 88, 95,
123, 266, 347, 360, 468, 469, 527; more specific for
T12: 80, 82, 83, 106; for details see Supplementary
Material S1.3 and S3). Moreover, the replicates of the
different artificial soil mixtures showed higher
variability at T12 when compared with T3 (that is,
greater distance between triplicates in the non-metric
multidimensional scaling (NMDS)-plot, Figure 2a;
P¼ 0.002, statistical calculation Supplementary
Material S1.4). This may indicate a higher variability
of the alkB community structure with longer matura-
tion time, even within the same artificial soil
mixture. When correlating the alkB community
structure with the ‘soil complexity’ (that is, the
artificial soils contained 1 versus 2 or 3 components
in addition to texture-providing quartz), we found
that indeed the ‘soil complexity’ significantly influ-
enced the community structure after 3 and 12 months
of maturation (Po0.05; Supplementary Material
S4-D). Altogether these findings indicate an increas-
ing heterogeneity of the BGIs with maturation time
and/or soil complexity, which was accompanied by
an increasing formation of microaggregates (Pronk
et al., 2012). One may speculate, that the resulting
higher hierarchical structure in more matured soils
probably creates diverse niches favouring the devel-
opment of diverging microbial communities in
response to their particular microenvironment as
also described by Vos et al. (2013).

The addition of fresh plant litter induced a
pronounced shift of alkB community patterns in
soils, maturated for 12 months (T12-I and T12-B
compared with T12; Figure 2b, Supplementary
Material S4), whereas no significant changes were
observed after 3 months of maturation. Interestingly,
the T12-I and T12-B communities after litter addi-
tion converged with those of the younger maturation
stage, supporting the conclusion that the alkanes
might have been depleted during the longer matura-
tion without refeeding. The convergence points to
the resilience of the alkane-degradation function
through a potential ‘seed bank’ formed by dormant
or rare alkane degraders in times of low substrate
availability (Giebler et al., 2013). These microbes
might be reactivated when the system experiences
more favourable environmental conditions (Epstein,
2009; Shade et al., 2012). Their existence is
furthermore indicated by high-abundant T-RFs
formerly not detected in matured T12 soils
(for example, T-RF 86, 88, 94, 95, 239, 463, 523
when comparing T12 with T12-I and T12-B;
Supplementary Material S1.3 and S3).

When analysing the data sets of 3 and 12 months
of maturation individually, the presence of illite and
charcoal as soil components in the different soil
mixtures were found to be the main factors control-
ling alkB community structure in all treatments
(stronger significance for T3; Figure 2c and
Supplementary Material S4) as also observed for

the bacterial community in general (Ding et al.,
2013). The role of clay minerals like illite might be
to sequester large amounts of the soil organic matter
(Kaiser and Guggenberger, 2003; Vogel et al., 2014)
thereby affecting the nutrient availability (Pronk
et al., 2013). The assumption of the reduced
availability of nutrients after 3 months is further-
more supported by the significant impact of char-
coal, which may adsorb nutrients and reduce their
bioavailability (Sohi et al., 2010; Lehmann et al.,
2011). A leaching of alkanes by the charcoal used in
this study can be excluded (Pronk et al., 2012).
However, the charcoal effect receded at later
maturation stages, when the reactive sites of miner-
als and charcoal surfaces gradually became covered
with organic matter (Pronk et al., 2012).

After 12 months of soil maturation, an emerging
relevance of metal oxides as drivers for the
community structure of alkB-harbouring microbes
(Figure 2e) became evident. Metal oxides strongly
interact with the organic matter of natural soils
(Eusterhues et al., 2003; Kaiser and Guggenberger,
2003; Wagai and Mayer, 2007). However, a weak
affinity and low sorption of organic matter had been
reported for our artificial soils owing to constantly
neutral pH (Heister et al., 2012; Pronk et al., 2013).
Thus, factors other than nutrient availability might
be responsible for the influence of metal oxides on
the community structure as the increasing hetero-
geneity of the habitat creates more microniches.
Potentially the noncharged surfaces of metal oxides
in our experiment might function as valuable ‘safe
havens’ still available for colonisation by microbes
when other surfaces are already occupied. Thus,
their role might become manifest when a soil
reaches a higher hierarchical structure.

Overall, our results support the hypothesis that
complex structured BGIs as generated by clay
minerals or metal oxides and charcoal are important
drivers for the development of microbial community
structures and their functional traits. It seems that
structure–diversity and structure–function relation-
ships are emerging properties, which go beyond the
characteristics of individual components, that is,
they are the result of a dynamic interplay of the BGIs
and microbial communities responding to these
microhabitats.
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(2003). Stabilisation of soil organic matter by inter-
actions with minerals as revealed by mineral dissolu-
tion and oxidative degradation. Org Geochem 34:
1591–1600.

Giebler J, Wick LY, Chatzinotas A, Harms H. (2013).
Alkane-degrading bacteria at the soil-litter interface:
comparing isolates with T-RFLP-based community
profiles. FEMS Microbiol Ecol 86: 45–58.
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