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Summary

1 Summary

Soils are highly hierarchically structured systems with diverse micro-habitats, which
are the result of the interplay of different particles and minerals. The habitats differ
in their expansion, due to the various sizes and shapes of those particles as well as
their assemblages. Depending on the physico-chemical conditions of soils, the distribu-
tion of nutrients, water, oxygen as well as electron acceptors is highly dynamic in time
and space. Consequently, so-called hotspots of microbial activity and evolution might be
formed trough dependency of the nutrient supply. In previous studies, the micro-habitats
and the corresponding microbial turnover processes at the microscale are often over-
looked, when samples were taken without maintaining the soil micro-structure. However,
diverse studies were accomplished to gain insights into the abundance and community
structure of alkane degrading bacteria during the remediation of hydrocarbons. Here
again, analyses were done in the range of centimeters, omitting the microscale.

As part of the DFG-priority program 1315 ("Biogeochemical Interfaces in Soil"), the
present study was conducted to analyse the abundance and activity of alkB-harbouring
bacteria in a spatio-temporal manner. In pioneer work, published alkB-specific primers
were modified in order to increase qPCR amplification efficiency and consequently im-
prove the quantification. Therefore, four-fold degenerated bases were substituted with
inosine nucleotides and various PCR reaction protocols were tested. Additionally, dif-
ferent reaction mixture additives like DMSO, BSA and magnesium chloride have been
analysed for suitability. By using the modified primers and respective qPCR conditions

the following experiments have been conducted.

[. Two arable soils differing significantly in their texture were incubated with lit-
ter material of maize and pea. At the beginning and after two, eight and thirty
weeks of incubation, the litter layer as well as the litter-soil interface and bulk
soil compartments were sampled and analysed. The data clearly suggest a gra-
dient formation from the litter to deeper bulk soil compartments, as a result of
heterogeneous nutrient dispersal. Furthermore, despite the different quantities and
qualities of maize and pea plant wax alkanes, no impact of the litter type on the
alkB-harbouring bacteria was monitored. Contrary, the abundance of alkB genes
and transcripts was strongly influenced by the incubation time and moreover by

the soil type.
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IT. Due to the fact that herbicides might have a hampering effect on certain soil bacte-
ria, abundance of alkane degraders harbouring alkB in MCPA amended and control
soils was analysed. Therefore, alkB genes were quantified in the detritusphere of
soils (0 -3, 3-6,6-9 mm), which were incubated with pea litter for up to six weeks.

Interestingly, the results could not demonstrate an influence of this herbicide.

ITI. In order to verify the influence of certain clay minerals on the abundance of alkB,
eight so-called "artificial soils" with diverse compositions and of two different ages
were incubated with litter material of wheat for two weeks. In this regard, no
impact of the compositions was monitored. Furthermore, data suggest other factors
than litter derived alkanes to be the driving factor for microbial response at different

soil compartments.

However, in order to identify hotspots of alkane degrading bacteria and to verify the
potential distribution of alkanes in soils, antibodies against AlkB should be produced
in the present study. Therefore, different approaches for the overexpression of AlkB
in host strains and the specific purification were tested to yield sufficient amounts for

immunization.
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2 Zusammenfassung

Boden sind hoch hierarchisch strukturierte Systeme mit verschiedenen Mikrohabitaten,
die das Resultat eines Zusammenspiels verschiedener Partikel und Mineralien sind. Die
Habitate unterscheiden sich in Threr Ausdehnung als Folge verschiedener Grofen und
Formen dieser Partikel und Ihrer Zusammenschliisse. In Abhéngigkeit der physiko-
chemischen Bedingungen in Boden, ist die Verteilung von Nahrstoffen, Wasser, Sauer-
stoff und Elektronenakzeptoren in Raum und Zeit hoch dynamisch. In diesem Zusam-
menhang entstehen in Abhéngigkeit der N&hrstoffversorgung so genannte "Hotspots"
mikrobieller Aktivitdt und Entwicklung. In fritheren Studien, in denen eine Beprobung
ohne den Erhalt der Bodenmikrostruktur erfolgte, wurden solche Mikrohabitate oft
nicht beachtet. Des weiteren wurden diverse Studien durchgefiihrt, um Einblicke in
die Abundanz und Struktur alkanabbauender Bakterien wihrend der Verwertung von
Kohlenwasserstoffen zu erlangen. Aber auch hier wurden die Analysen unter Ausschluss
der Mikroskala nur im Zentimeterbereich gemacht.

Als Teil des DFG-Schwerpunktprogrammes 1315 ("Biogeochemical Interfaces in Soil"),
wurde die vorliegende Studien erstellt, um die Abundanz und Aktivitit alkB tragen-
der Bakterien in einem rdumlichen und zeitlichen Kontext zu untersuchen. In Vorar-
beiten wurden bereits veroffentlichte alkB-spezifische Primer modifiziert, um die Am-
plifikationseffizienz zu erhohen und damit die Quantifizierung zu verbessern. Zu diesem
Zweck wurden 4-fach degenerierte Basen durch Inosinnukleotide ausgetauscht und di-
verse PCR-Reaktionsprotokolle getestet. Dariiber hinaus wurden verschiedene Additive
wie DMSO, BSA und Magnesiumchlorid auf Thre Eignung untersucht. Unter Zuhilfe-
nahme der modifizierten Primer und entsprechender PCR-~Protokolle, wurden folgende

Experimente durchgefiihrt:

[. Zwei landwirtschaftlich genutzte Boden, die sich signifikant in Threr Struktur un-
terscheiden, wurden mit Streumaterial von Mais und Erbse inkubiert. Zu Beginn
und nach zwei, acht und dreikig Wochen Inkubation wurden die Streuschicht, die
Streu-Boden-Grenzschicht und Boden in 1 cm Tiefe beprobt und untersucht. Die
Daten weisen klar auf die Bildung eines Gradienten vom Streu zu tieferen Bo-
denkompartimenten als Folge einer heterogenen Néhrstoffverteilung hin. Des weit-
eren wurde trotz der unterschiedlichen Quantititen und Qualitdten der pflanzlichen
Alkane von Mais und Erbse, kein Einfluss des Streutypes auf die Abundanz alkB-
tragender Bakterien beobachtet. Im Gegensatz dazu wurde die Abundanz der alkB
Gene und Transkripte stark von der Inkubationszeit und dem jeweiligen Bodentyp

beeinflusst.
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IT. Aufgrund des Faktes, das Herbizide eine schidlichen Einfluss auf bestimmte
Bodenenzyme haben kénnen, wurde die Abundanz von Alkandegradierern die alkB
tragen in MCPA versetzten und Kontrollboden untersucht. Interessanterweise

konnten die Ergebnisse keinen Einfluss des Herbizides darstellen.

III. Um den Einfluss bestimmter Tonmineralien auf die Abundanz von alkB zu bestéti-
gen, wurden acht sogenannte "kiinstliche Béden" mit diversen Zusammensetzun-
gen und von unterschiedlichem Alter mit Weizenstreu inkubiert. Dariiber hinaus
deuten die Daten darauf hin, das andere Faktoren als die Alkane aus dem Streu-
material, die antreibenden Faktoren fiir die mikrobielle Reaktion in verschiedenen

Bodenkompartimenten sind.

Um die "Hotspots" von alkanzersetzenden Bakterien identifizieren und die mdogliche
Verteilung der Alkane im Boden verifizieren zu konnen, sollten Antikorper gegen AlkB
in der vorliegenden Studien hergestellt werden. Aus diesem Grund wurden verschiedene
Ansiitze fiir die Uberexpression in Produktionsstimmen und eine spezifische Aufreini-

gung getestet, um geeignete Mengen fiir die Immunisierung zu erzielen.
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3 Introduction

3.1 Introduction to the Ph.D. thesis

Soils play a major role in global nutrient cycles as they are storage, transformation
and transport medium for water, gases and also pollutants. Persistence and turnover
rates of all substrates are determined by the conditions at so-called biogeochemical
interfaces (BGI’s) where minerals, organic matter and soil microbes interact with each
other. As most recent studies analysed the fate of organic matter on the macroscale,
data about the transformation processes on the microscale are still rare. The present
study was part of the priority program SPP1315 "Biogeochemical Interfaces in Soils"
(www.sppl1315.uni-jena.de) funded by the Deutsche Forschungsgemeinschaft (DFG). In

this program interdisciplinary research of geological, chemical and biological sciences
was done in order to characterize the structure and functionality of biogeochemical
interfaces in soil and their potential for degradation of organic compounds. The results
of this study contribute to the mechanistic understanding of the microbial degradation

of model compounds in soils on the microscale.

3.2 Biogeochemical interfaces in soils

Per definition, interfaces are contact zones between different phases or spheres. In this
respect, soils represent extremely large interfaces on the macroscale (m to km), as they
mediate the interactions of the biosphere, the hydrosphere, the atmosphere and the
lithosphere. Contrarily, depending on its mineralogy, 1 g of soil can contain tens of
m? of surface, where organic and mineral phases can interact. Hence, soils are are also
large and highly complex on the microscale ranging from pum to several mm (Figure 1).
As biological and chemical turnover processes take place at such interfaces [264] they
are generally termed biogeochemical interfaces. Those interfaces represent the bound-
ary surfaces to soil liquids and gaseous phases [229] and are consequently extended
into voids and pores [264]. In such microhabitats, microbes colonizing the surfaces of
mineral particles [52; 53| can actively shape their environment. For instance, exopolysac-
charides, which were secreted in order to form biofilms or as protective barrier against
environmental stresses (e.g. droughts, antibiotic substances), can act as glue between
soil particles. As a result, microaggregates might be formed [132] acting as reservoirs for
substrates and microbial refuge from predators. During ongoing pedogenesis these mi-
croaggregates can be destructed or destabilized by the microbial degradation of organic

matter [97; 265|. In addition, iron-oxidizing microbes from the genera Thiobacillus or
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Fig. 1: Biogeochemical interfaces in the soil

Biogeochemical interfaces and microbial hotspots in the highly complex and hierarchically structured soil. ap = air filled
pores; bc = bacterial communities with diverse structures; h = hyphae; mp = different kinds of mineral particles; om =
organic matter; sw = soil water

Ferroplasma can affect the mineral phase further impacting the stability of such struc-
tures. However, the microbial community not only influences their environment, but
is also impacted by the microhabitats vice versa. Due to biological and non-biological
processes like the entanglement of microaggregates by fine roots or fungal mycelium as
well as drying/ wetting and freezing/ thawing phenomena, macroaggregates might be
formed. In this respect, micro- and macroaggregates in turn affect the distribution of
substrates, water or electron acceptors and consequently the abundance, activity and
diversity of soil microbial communities.

In spite of various studies focusing on the rhizosphere (soil influenced by root exudates)
as well as the detritusphere (soil adjacent to and influenced by plant litter material),
microbial processes and community structure at the biogeochemical interfaces are poorly

understood.
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3.3 Leaf litter degradation

Leaf litter decomposition is an important process in the recycling of carbon and nitro-
gen and other essential elements. As revealed in several studies dealing with leaf litter
decay in terrestrial and aquatic ecosystems, the turnover of organic matter is character-
ized by two essential stages, differing significantly in their kinetics. In the early stage,
which occurs within only few days and weeks, easy degradable compounds (e.g. sugars,
hemicellulose, cellulose and proteins) become released and quickly metabolized by the
microbial community. It was shown in several studies, that fast growing bacteria like
Acidobacteria [251] and Proteobacteria play a dominant role in that stage [56; 59]. In
consequence of the microbial activity and leaching processes, an immense loss of biomass
within a relative short time period has been reported in several studies. For example,
within six weeks of incubation a loss of almost 10% of the initial amount was monitored
in an experiment dealing with oak-leaf litter degradation [225]. Furthermore, by analyz-
ing microbial communities during the decay of beech and spruce plant material, Aneja
et al. |9] could demonstrate losses of more than 30% of the initial amounts within the
first two weeks of incubation.

With ongoing incubation, the chemical composition of the litter material becomes mod-
ified, resulting in high concentrations of recalcitrant compounds (e.g. lignin), forming
very stable complexes [188]. Consequently, degradation is attenuated [10; 76]. In this
stage, fungi like Basidiomycetes [115] and Ascomycetes [198] become dominant in the
later stage of litter degradation. Moreover, bacterial specialists also contribute to the
turnover of recalcitrant compounds. For instance, increasing abundances of Actinobac-
teria were monitored during continuing leaf litter decay [209; 226] as those bacteria are
able to use lignin-derived compounds [105]. Despite the expected competition of bacte-
ria and fungi for carbon and nitrogen, synergetic effects were reported also 71|, where
fungi provide bacteria with substrate reservoirs and new colonizing space by macerating
leaf tissues with their growing hyphae [215].

Besides the immense hydrolytic potential of litter degrading microbes, litter decay is
also influenced by the substrate quality [33; 60; 78; 92; 218|. Especially, the ratios
between compounds like carbon, nitrogen and lignin impact litter degradation rates
[1; 80; 119; 146; 174]. For example, negative effects of high lignin contents were shown
earlier [36], as they can react with ammonia or amino acids, resulting in a nitrogen deple-
tion being detrimental for microbial growth. Vice versa, several studies demonstrated
that elevated amounts of nitrogen can hamper the decay of lignin [101; 188|. Litter

degradation is not only influenced by substrate quality but by anthropogenic activities
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as well. For instance, the post-emergence herbicide 4-chloro-2-methylphenoxyacetic acid
(MCPA) was shown to have derogatory effects on the microbial community structure
and the activity of telluric enzymes [220]. In consequence, litter degradation rates and

efficiencies might be reduced.
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3.4 Aliphatic hydrocarbons and their role in nature

Aliphatic hydrocarbons like n-alkanes are highly abundant and ubiquitously distributed
in the environment as a consequence of anthropogenic and natural activities. For exam-
ple, large amounts are introduced to an ecosystem via oil spills, petroleum exploration
and transportation activities as well as municipal waste disposal. Contrarily, the trans-
formation of decaying biomass to crude oil or petroleum gas during geochemical processes
also contribute to the alkane appearance. Furthermore, alkanes are actively produced by
the living biomass or during the mineralization of organic matter. The biggest natural
source of hydrocarbons is represented by epicuticulary waxes, forming the contact zone
between plant leaves and the environment [100] as demonstrated in Figure 2. Beside
long-chained alcohol esters, alkanes with a chain length between C,s and Cs, [48; 86|
are a major component of these waxes which are produced to form a barrier against
environmental stresses like phytopathogens or uncontrolled water loss via evaporation

[14; 66].

Cuticle components

« Epicuticular wax
«——— Cuticle

= «— Cutinized wall
= o= «— \With embedded wax

7 g T L, [ «—— Pectin layer

\—— Cellulose cell wall

«— Epidermal cells

«

Palisade layer

Fig. 2: Schematic cross section of the herbal epicuticle [49]

Cross section of the herbal epicuticle which is composed of the cuticle layer covering the epidermal cells. Epicuticlar and
embedded waxes overlaying and crossing the cuticle, to form a barrier against environmental influences, are a large source
of middle- and long-chained alkanes.

For example, increased accumulation of cuticular waxes in response to drought events
were monitored during earlier studies of stress response in sorghum, tree tobacco or dif-
ferent Brassica species [27; 12; 168]. In addition, short chained alkanes like hexadecane,
octadecane, eicosane and tetradecane were found to be the main seed oil alkanes in GC
and GC-MS studies of 43 Leguminosae species [120]. The concentration and composi-

tion as well as the carbon isotopic compositions of cuticulary wax alkanes vary between
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different plant species and thus allow the differentiation of plant families and metabolic
properties like C3 and C4 plants. Different C,q/C,, ratios for Umbelliferae and Legu-
minosae [135] as well as varying 6'3C values (-35 %o to -40 %o for C3 and -15 %o to
-25 %o for C4) [35; 177] were found in earlier studies. Furthermore, variations in the
higher plant n-alkane average chain length (ACL), which describes the average number
of carbons per molecule based on the abundance of odd-carbon-numbered n-alkanes in
higher plants [167], can be used to distinguish between vegetation types [38] or climatic
conditions [88; 194].

Beside plants, several studies could show that microorganisms (both prokaryotes and eu-
karyotes) are able to synthezise aliphatic hydrocarbons for physiological purposes. For
example, Ladygina et al. [117] demonstrated sulfate reducing bacteria and clostridia
being capable of synthesizing extracellular hydrocarbons which appeared to be asso-
ciated with the formation of capsules protecting the cells from high concentrations of
excreted acids. Furthermore, long-chained alkanes from Pseudomonas fluorescens are
supposed to be involved in the autoregulation of cell adhesion to smooth surfaces as
well as the promotion of cell aggregation. Hara et al. [77| reported on the ability of
marine zooplankton to produce hydrocarbons as well. Anyhow, similar to the taxonomic
determination potential of the alkane composition of cuticulary waxes, hydrocarbon con-
figuration of microbes was also assumed to be a chemotaxonomic criterion [95].

The bioavailability of released n-alkanes is strongly dependent on their chain length,
as the interaction of hydrocarbons with other compounds is influenced by the carbon
number. In addition, short chained alkanes can be toxic, as they impair cell membranes
acting as solvents for cellular fats [202]. On the contrary, long chained alkanes can in-
duce the formation of oil films and slicks restricting the exchange of water, nutrients

and gases between micro- and macro-environments [121].
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3.5 Microbial degradation of n-alkanes

The large variety of different alkane species occurring in the environment (e.g. short-,
middle-, long-chained alkanes) as well as the supply of diverse electron acceptors highly
impact the microbial uptake and mineralization and consequently render a broad spec-
trum of alkane degradative systems with overlapping substrate ranges. As summarized
in Figure 3, diverse systems were detected, facilitating the degradation of alkanes under
aerobe, semi-anaerobe and anaerobe conditions. However, several studies in the last
decades identified bacteria and fungi being the key players in the degradation of hydro-
carbons. Contrarily, no hints or only scanty data for a direct alkane metabolization by
protozoa and algae are available [179; 247]. In an experiment focusing on the degrada-
tion of hexadecane in a sandy loam soil, Song et al. [212] pointed out that 82% of the
mineralization of C,; were attributed to bacteria and only a comparable minor fraction
was related to fungal activity. Despite this, fungi and in particular yeasts are regarded

to be established members of the alkane degrading soil microbial communities [197].

AN NA\AN

alkanes
methane monoxygenase like enzymes (C, - C5) chloride dismutase + carboxylation or addition of fumarate
pMMO, sMMO, BMO, PMO unknown alkane monooxygenase by unknown enzymes +
AlkB-related monooxygenases C7-C1p) s1mul.taneous reduction of sulfate
and nitrate
cytochrome P450 enzymes (Cy4 - Cy¢)
CYP153, CYP52
LADE—enzymes (C]s - C36)
AlmA, LadA .
aerob semi-anaerob anaerob

Fig. 3: Schematic overview of known alkane degradation pathways

Due to different availabilities of divers electron acceptors, a broad spectrum of alkane degradative systems under aerobe,
semi-anaerobe and completely anaerobe conditions have been developed. See text for detailed information about the
individual enzymes. pMMO = particular Methane Monooxygenase, SMMO = soluble Methane Monooxygenase, PMO =
Propane Monooxygenase, BMO = Butane Monooxygenase.

Beside facultative alkane degraders, which can also use other carbon sources, so-called
obligate alkanotrophs related to strains of Alcanivorar borkumensis [190] and Thalas-
solituus oleivorans [263] were found. These strains are able to grown on alkanes and a
few related compounds solely. However, strains harbouring multiple alkane hydroxylase
systems with overlapping substrate ranges were found to grow on short- (C,—C,) [207]
and very long-chained alkanes (C,,) [216] as well. For example, A. borkumensis isolates

were found to contain two, AlkB-related particulate alkane hydroxylases (pAH) and two
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CYP153 enzymes [190]. Furthermore, van Beilen et al. |235] clearly demonstrated five
pAHs and two CYP153’s in Rhodococcus erythropolis HXN-2000. In a recent study, Liu
et al. [127] reported on Alcanivoraz dieselolei B-5 harbouring two pAH’s, a CYP153
and an AlmA-like alkane hydroxylase facilitating the use of alkanes up to C,5. However,
solubility of alkanes strongly decreases with increasing chain length as Rojo [181] stated
for hexane and hexadecane, where solubility of C;4 (107'° M) was six orders of magni-
tude lower compared to C, (10~% M). During the last decades various pathways for the
sensitive and effective uptake of hydrocarbons by microbes, irrespective of the source,
have been monitored. For instance, the production of bioemulsifiers and biosurfac-
tants can improve the bioavailability of alkanes about 10 to 15 times by enhancing the
adhesion between cell wall and accessible hydrocarbons which is schematically shown in

Figure 4.

Fig. 4: Model for the uptake of alkanes in P. putida GPol

During direct attachment of the cells to the hydrocarbon droplet, membrane components from the cell wall partition into
the apolar droplet (a). Alternatively, water-solubility of alkanes can be increased by the extraction of emulsifiers as part
of outer membrane vesicles (b) which interact with the hydrocarbon resulting in a complete coating with an outer layer
of hydrophilic sugar chains (c) [256]. OM = outer membrane, PG = peptidoglycan layer, CM = cell membrane

A study by Beal and Betts [20] revealed an increased solubility of n-hexadecane from
around 2 pg L' up to almost 25 ug L=! after the synthesis of rhamnolipids by Pseu-
domonas aeruginosa PG201. However, changes in membrane lipid compositions and

subsequently increasing hydrophobicities of cell surfaces can also benefit the increase
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of alkane diffusion into the cell [20; 252]|. In addition, a solubilization of hydrocarbon
droplets by encapsulating them in membrane microvisicles (Fig. 4), which are subse-
quently taken up into cells via active processes was also demonstrated [111; 203]. Several
studies proposed that modifications of the cell envelope like the invagination of mem-
branes [199], the production of fimbriae [58; 184] or an increased content of lipopolysac-
charides [256] could facilitate the adherence to hydrocarbon droplets and consequently
support the utilization of alkanes.

Next to effective uptake mechanisms, the microbial alkane degradation efficiencies (6%
to 82% in fungi [96], 0.13% to 50% in bacteria [160|) are also strongly dependent on
different environmental conditions. In this respect, Smith et al. [206] supposed the
optimization of the C:N:P ratio to be the most powerful tool for an enhanced biore-
mediation of alkanes. Additionally, high mineralization rates were found at a soil pH
between 5 and 7.8 [44] further increased by the soil moisture, the salinity, the amount of
oxygen as well as the terrestrial nutrient status [75]. Furthermore, the soil temperature
is highly relevant for degradation as oil viscosity increases at low temperatures [121]
with congruent decreasing hydrocarbon distribution in the soil matrix vice versa [250].
In parallel, Bartha and Bossert demonstrated an optimal degradation rate between
30 °C and 40 °C [19]. Due to the fact that n-alkanes are relatively inert, with long-
chained alkanes being more resistant to degradation than alkanes with low carbon num-
bers (e.g. methane), activation is needed. This activation is achieved during various
alkane degradation pathways, significantly differing under oxic and anoxic conditions
(Fig. 3). As a result of their immense importance, the pathways will be highlighted in
detail in the following chapter.

Aerobe alkane degradation

In environments with sufficient oxygen supply, alkane degraders were found to be present
among prokaryotes, eukaryotes and archaea, which are summarized in Table 1. In 2007,
Beilen and Funhoff [234] proposed three categories of unrelated enzyme systems which
are relevant for the aerobe microbial alkane metabolisation facilitating the degradation of
short- (methane monooxygenase-like enzymes), middle- (AlkB-related and cytochrome
P450 enzymes) as well as long-chained alkanes (enzymes with rare data identified as

long-chained alkane degrading enzymes ("LADE") in this thesis).
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Bacteria Yeast Fungi Archaea Algae
Achromobacter Candida Acremonium Halobacterium | Prototheca
Acinetobacter Cryptococcus Aspergillus Haloferaz
Agrobacterium Debaryomyces Cladosporium Halococcus
Alcanivoraz Hansenula Corollasporium

Alcaligenes Pichia Cunninghamella

Bacillus Rhodotorula Dendryphiella

Brevibacterium Saccharomyces | Fusarium

Burkholderia Sporobolomyces | Gliocladium

Corynebacterium | Torulopsis Gongronella

Dietzia Trichosporon Lulworthia

Flavobacterium Yarrowia Penicillium

Geobacillus Varicospora

Micrococcus Verticillium

Mycobacterium

Nocardia

Pseudomonas

Rhodococcus

Sphingomonas

Streptomyces

Xanthomonas

Tab. 1: Aerobe alkane degrading bacteria
Microorganisms which are able to degrade aliphatic hydrocarbons like n-alkanes aerobically [6; 29; 217; 234; 237; 249

Methane monooxygenase-like enzymes

Gaseous alkanes in the range of C,—C; can be oxidized by two methane monooxygenases
as well as the propane and butane hydroxylases which are all strongly related to each
other. Whereas the membrane-bound particular monooxygenase (pMMO) seemed to
be restricted to alkanes shorter than Cg [126], bacteria harbouring the soluble methane
monooxygenase (sSMMO) were found to grow on alkanes with a chain length up to C,,
[16] also. However, ability of bacteria harbouring propane monooxygenases (PMO) and
butane monooxygenases (BMO) to grow on alkanes larger than C; was also shown for
Gordonia sp. TY-5 (C,—Cg) and Pseudomonas buntanovora ATCC 43655 (C,; and
C,3—C,yy), respectively [110; 205].
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Cytochrome P450 enzymes

Members of the cytochrome P450 superfamily are found in all three domains of life
and constitute more than 4000 enzymes which can be subdivided into over 100 families
[136; 239]. Remarkably, more than 80% of these enzymes are related to eukaryotes,
whereas only a fractional amount is assumed to be present in prokaryotes [239]. Despite
this, only a few enzymes being involved in the alkane degradation have been monitored
so far, which were divided into two subclasses (class I, IT) significantly differing in their
structure and substrate range. The bacterial cytochrome CYP153 (class I) is character-
ized by a three-component system consisting of the cytochrome itself, a ferredoxin and
a ferredoxin reductase for the transfer of electrons and oxidizes C,—C,, alkanes [136].
On the contrary, the functionally corresponding fungal cytochrome CYP52 (class 1)
catalyzes the oxidation of alkanes with a chain length of C,,—C,4 [37| is only composed

of the membrane-bound cytochrome and a reductase.

AlkB-related monooxygenases

The alkane monooxygenase gene alkB, encoding the corresponding monooxygenase, was
first descripted in detail by Chakrabarty et al. [30] who analysed its transcription reg-
ulation in Pseudomonas putida (formerly P. oelovorans) during its growth on n-octane
and substrates beyond. Conjugational transfer experiments proposed a location of alkB
on the so-called OCT (octane utilizing) plasmid [31; 109; 242; 236|. In contrast to those
initial analyses, other studies also demonstrated multiple chromosomal copies of alkB
in a large variety of alkane degrading bacteria. For example, two to three chromosomal
gene copies have been found in different strains of P. aeruginosa including PAO1 and
ATCC17423 [207; 243]. Furthermore, van Beilen et al. [238] could demonstrate four to
five paralogues in strains of Rhodococcus erythropolis. Interestingly, the transcription of
these paralogues genes is strictly regulated and strongly dependent on i) the chain-length
variations of the substrates [208], ii) different growth phases [141] and iii) distinct affini-
ties for various alkane species including non-linear aliphatic or aromatic alkanes [239].
Besides this, the expression of alkB was also found to be dependent on different alkane
derivates like alkanols, aldehydes or fatty acids [70; 140]. In addition, transformation of
alkenes and alcohols to epoxides and aldehydes as well as the demethylation of branched
methyl esters and sulfoxidation of thioesters catalyzed by the alkB transcription product
was also demonstrated [98; 99; 142; 143; 144; 241; 256].

Unfortunately a distinct description of the protein structure of AlkB is still missing

since crystallization experiments to proof the theory failed up to date. However, early
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results suggested six transmembrane domains, represented by gray barrels in Figure 5,
forming a hexagonal tube which spans the cytoplasma membrane, with 60 - 65% of the
total protein being located within the cytoplasma. The AlkB protein harbours two iron
atoms in its catalytic centre being enclosed by four highly conserved histidine motifes

as shown earlier by Shanklin et al. [200].

Periplasm

W55-AlkB S$55-AlkB
C;-C,, alkanes C;-C,¢ or longer alkanes

Fig. 5: Substrate range discrimination and cellular orientation of AlkB
A tryptophan residue at position 55 determines substrate affinity in P. putida. A substitution with less bulky amino
acids changes the affinity to alkanes. See text for explanation. H, histine; Fe, iron atom [180].

Anyhow, Beilen and colleagues [233| could demonstrate that the substrate range of AlkB
is determined by a tryptophan in the middle of the hexagonal tube (amino acid position
55 and 58 in P. putida and A. borkumensis respectively) preventing longer alkanes to
fully enter the catalytic center (Fig. 5). With the substitution of this tryptophan by
less bulky amino acids (e.g. serine, cysteine) alkane substrate ranges of AlkB can be
prolonged to alkanes with a chain-length of 16 carbons without loosing the ability to
hydroxylize Cy - C,, [180].

The alkane degradation via the AlkB-related pathway is facilitated by proteins with
different regulatory and catalytic functions. As summarized by Beilen et al., the genes
encoding the corresponding proteins are clustered in two distinct open reading frames
(ORF’s). The ORF’s alkST and alkBFGHJKL include the alkane monooxygenase
(AIkB) itself, two rubredoxins (AlkG, AIkF), the rubredoxin reductase (AlkT), an alco-
hol and aldehyde hydroxylase (AlkJ, AlkH), a putative substrate transporter (AlkL) as
well as the transcription regulator AlkS. Several studies analyzing the function of AlkS

could demonstrate a positive expression regulation of both reading frames [28; 47; 156].
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Fig. 6: Component structure of the AlkB-related alkane degradative system [236]
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The AlkB-related alkane degradative system consists of an integral membrane bound alkane hydroxylase, a rubredoxin and
its corresponding reductase. Electrons for the alkane hydroxylation are transferred from NADH to AlkB via sequential

redox-reactions.

However, during sequential reduction and oxidation of rubredoxin and the corresponding

reductase, electrons from NADH are transferred to AlkB, as shown in Figure 6, and

consequently used for the terminal and subterminal hydroxylation of alkanes [181]. The

resulting primary and secondary alcohols [260] are further processed to bi-carbonic acids,

succinyl-CoA or acetic acids which can be used in turn as substrates for the [3-oxidation

or the tricarboxylic acid (TCA) cycle, respectively. The whole process of aerobe alkane

degradation using the alkane monooxygenase AlkB as the catalysator for the initial

reaction is summarized in Figure 7.
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Fig. 7: Aerobe alkane degradation via the alkB-related pathway [181]
Under aerobe conditions aliphatic n-alkanes are oxidized by AlkB at terminal or subterminal position. Resulting primary
and secondary alcohols are further metabolized to bi-carbonic acids, succinyl-CoA and acetic acid which are in turn

substrates for the f-oxidation or the TCA cycle.
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Long-chained alkane degrading enzymes (LADE-enzymes)

In the last years alkane degrading systems, which are neither related to the cytochrome
P450 superfamily nor AlkB-related enzymes nor to methane monooxygenase-like pro-
teins, were monitored. These enzymes are active in microbes growing on very long
chained alkanes with up to 36 carbons. Throne-Holst and colleagues [223] described a
flavin-binding monoxygenase (AlmA) in Acinetobacter strain DSM 17874 which enabled
growth on Gy, - Cs, alkanes. Gene homologues to almA were also found in Acinetobac-
ter sp. M1 and A. borkumensis SK2. Furthermore, another hydroxylase (LadA) from
Geobacillus thermodenitrificans NG80-2 generated primary alcohols from alkanes with

a chain length of C,; - Cy4 [57].

Anaerobe alkane degradation

Contrary to environments with sufficient exchange of the gaseous phase, anoxic con-
ditions might be reached as a result of different factors. For example, high microbial
activity with increased oxygen consumption or the depletion of dioxygen during the
turnover of substrates might lead to environments with low oxygen. In addition, the
saturation of soils with water can also interfere with gas exchange. In such environments
only a few specialized alkane degrading microorganisms have been found so far, which

are summarized in Table 2.

Bacteria Archaea
Desulfoglaeba Methanobacterium
Desulfosarcina/

Desulfococcus Cluster Methanococcus
Desulfovibrio Methanomicrobiales
Desulfothermus Methanosaeta
strain AK-01 Methanosarcinales
strain Hxd3 Methanosphaera

strain HxN1
strain OcN1
strain Pnd3
strain TD3

Tab. 2: Anaerobe alkane degraders
Microorganisms which are able to degrade aliphatic hydrocarbons like n-alkanes under anaerobe conditions [4; 5; 42; 43;
50; 51; 83; 108; 185; 201; 211; 254]

18



Introduction

Interestingly, little is known about the mechanistic pathways of anoxic alkane degrada-
tion. However, several studies in the last decades, focusing on bacterial alkane degraders,
revealed two mechanistic pathways for alkane degradation without oxygen as demon-
strated in Figure 8. On the one hand, activation of inert hydrocarbons is done by the
terminal or subterminal addition of carbon dioxide [210]. On the other hand, the attach-
ment of fumarate to the same positions, was also shown to be an approach for activation
[181]. In both pathways, sulfate and nitrate were found to be simultaneously used as
electron acceptors [26; 42; 108; 113; 254]. Despite these pathways might represent the
predominant alkane turnover processes in marine sediments, degradation occurs at neg-
ligible rates only and is therefore widely regarded as being of minor ecological relevance

[121].
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Fig. 8: Bacterial anaerobe degradation of alkanes

Modified mechanistic pathway for the anaerobe alkane degradation [181; 210|. Activation of the inert n-alkanes is
accomplished by the addition of fumarate (A) as well as carboxylation (B) with concurrent reduction of sulfate and
nitrate.

However, Mehboob and colleagues [145] presented data which possibly point to an ex-
traordinary degradation pathway which might link the aerobe and anaerobe alkane me-
tabolization. They could demonstrate that Pseudomonas chloritidismutans AW-1T was
able to use oxygen or chlorate as electron acceptors during growth on middle-chained
n-alkanes, but unable to reduce nitrate or sulphate, which is reflected in Figure 9. Un-
der partially anaerobe conditions chlorate reduction renders chlorite which is further
processed to ClI” and O, by chlorite dismutase [178; 257|. The released oxygen might be

subsequently used for the hydroxylation of alkanes by oxygenases.
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Fig. 9: Hypothetical pathway of alkane degradation under semi-anaerobe conditions
During the reduction of chlorate, molecular oxygen becomes released which can be used in turn for the activation of
alkanes and their subsequent degradation via the aerobe degradation pathway [145]
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3.6 Detection of functional diversity in soils

Knowledge about the functional diversity is substantial, when targeting the microbial
degradative potential in soils. Since only a marginal fraction of soil bacteria can be
cultivated [94; 228], phylogentic analyses need to be done with cultivation independent
approaches. As demonstrated in Figure 10, functional diversity can be determined on
different scales. For instance, detection of functional genes indicate the genetic poten-
tial of a microbial community, whereas analyses of the corresponding messenger RNA
(mRNA) supplies reliable data about the activity status. However, since the tran-
scription of genes is strongly impacted by post-transcriptional modification and other
spatial-temporal factors (e.g. availability of nutrients, position of competitors), life time

of mRNA is limited and consequently reflects only a snapshot of activity.

Microbial Microbial
Potential Function

Genome Transcriptome Proteome
(DNA) (mRNA) (Proteins)

Fig. 10: Different scales for assessing functional diversity
The detection of functional diversity can be accomplished on different scales including the genome, transcriptome and
proteome of a microbial community. Modified after Schloter et al. [196].

Therefore, analyses on protein level give more insights about the potential activities.
For the analysis on nucleic acid level, two fundamental strategies for the isolation of
DNA and RNA exist [81]. Extraction of nucleic acids is either done after the cell sepa-
ration from the soil matrix [84] or directly within the soil samples [182]. The first would
minimize contaminations by humic substances, which could hamper downstream appli-
cations like PCR [230] or enzymatic digestion [84; 91; 231|. Since cell separation could be
ineffective due to microbes trapped in soil microaggregates, the procedure could result
in a loss of information. The latter is more feasible and extraction of DNA and RNA

is subsequently done by using phenol-chloroform extraction methods or by commercial
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kits. In addition, after the isolation and appropriate purification, mRNA is frequently
reverse transcripted, to gain stable cDNA.

Knowledge about the dynamic of functional genes and respective transcripts contributes
to the mechanistic understanding of processes in soils on the microscale. Quantification
is thereby done using two basic techniques, differing significantly in their detection
method and accuracy. On the one hand, copy numbers can be determined by using
statistic-based most probable number polymerase chain reaction (MPN-PCR), where
signal aquisation is done after the reaction was completed. By using sequential dilutions
of PCR reaction mixtures, which are done in three or five replicates, the number of
mixtures yielding a signal after PCR are monitored. Gene abundances are subsequently
calculated with tables, which were firstly described by Cochran [34] for the estimation
of bacterial densities in liquid cultures. Despite this method being successfully used for
the quantification of different genes (exemplarely [159]), definition of signals is strongly
influenced by the subjective setting of the signal threshold. As a result data can be
biased, as abundances might be under- or overestimated.

On the other hand, fluorescence dye- or fluorophore-based real-time PCR allows an on-
line signal acquisition directly during the PCR run. For this, signals are detected at
the end of each cycle. In general, three different chemistries can be used for quantifica-
tion: i) fluorescence dyes (e.g. Sybr®Green) which bind double strand DNA or cDNA,
ii) fluorochromes bound to sequence-specific probes (e.g. TaqMan®-PCR [85]) and iii)
fluorochromes bound to primers [267]. Quantification can either be relative in com-
parison with other samples or absolute by using serial dilutions of plasmids containing
the template. As signal strength is positively correlated with template amounts, gene
copy numbers can be calculated by signals exceeding a certain threshold. Although
this technique is frequently used in microbial ecology, sufficient quantification is influ-
enced by various factors. For instance, amplification efficiencies might be reduced in
case of amplicons significantly exceeding 500 bp [158] or by the presence of inhibitors
(e.g. humic acids, pesticides). Furthermore, measurements of gene copies using Sybr®
Green can be biased, because it intercalates double stranded DNA, which results in the
detection of primer dimers. Anyhow, with the quantification of genes and transcripts
only the genetic potential and the transcriptional status of a microbial community can
be assessed.

To answer the question, if mRNA is translated to proteins, the respective catalytic
enzymes have to be analysed. Since protein detection in soils is still challenging, func-

tional diversity on the proteomic scale was indirectly determined in most studies done so
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far. For instance, by measuring respiration rates and the activity of dehydrogenases or
lipases [61; 139|, conclusions can be made concerning the microbial community struc-
ture of hydrocarbon contaminated soils. However, reports on the in situ detection of
specific enzymes by using antibodies labeled with i) fluorescence dyes, ii) gold particles
or iii) alkaline phosphatases are still rare. It was therefore one aim of the present thesis,
to produce antibodies against AlkB in order to monitor the spatial distribution of this

protein in the soil matrix.
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3.7 Aims and hypotheses

In soils, organic and anorganic particles with different sizes and shapes interact with
each other and form highly structured matrices. In such matrices the distribution of
substrates, water and electron donors is strongly influenced by different physicochemi-
cal interactions with minerals resulting in patchy arrangements. Consequently, dispersal
and activity of microbes is also extremely heterogeneous and can change within a range
of several um only. Despite many studies examining the spatial distribution of micro-
bial consortia in the detritusphere, knowledge about the distribution patterns of alkane
degraders within the bulk soil matrix is still rudimental. Due to the reduced mobility of
n-alkanes, distribution of these microbes might be different in 1 and 10 mm soil depth.
It was therefore the aim of the present study, to analyse the abundance and activity of
alkane degraders in a spatial-temporal manner. On this basis, alkB-harbouring bacteria,
which are representatives of alkane degrading microbes, were detected on the mm-scale
in the detritusphere of different soils during the decomposition of litter material. Fur-
thermore, it was tested if divers soil, litter and compartment types have an impact on
these bacteria. In addition, the use of herbicides for weed control might also impact
the dynamic and activity of alkane degrading microbes. In this context, the following

hypotheses have been proposed and tested.

[. During the decay of plant litter material, a gradient of alkB-harbouring bacteria
is formed in the detritusphere, which is dependent on the bioavailability of litter

derived alkanes.

IT. The abundance of alkB genes and corresponding transcripts is thereby not only
influenced by the soil and compartment type, but also impacted by the litter type

in relation to varying alkane quantities and qualities, as well as changing C:N ratios.

ITI. Presence and activity of alkane degraders harbouring alkB is differentially influ-

enced by various soil minerals constituting distinct physico-chemical properties.

IV. During the evolution of soils bacterial consortia are formed, resulting in increased

response to the supply of litter derived alkanes.

V. The application of 2-methyl-4-chlorophenoxyacetic acid (MCPA), which is a po-
tential inhibitor for enzymatic activities in soils, has a derogatory effect on alkB-
harbouring bacteria. This effect is consequently reflected by a feedback reduction

of alkB genes and transcripts.
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In order to verify these hypotheses, three different soil microcosm experiments have
been conducted, where litter of maize, pea and wheat was used as natural alkane source.
Thereby, microcosms with sandy-loamy and silty-loamy soils as well as mixtures of
different soil minerals, reflecting natural soil compositions, were used. Three different
micro-habitats (litter, litter-soil-interface and bulk soil) were sampled to analyse the
amount of alkB DNA and mRNA at different soil compartments. The obtained data
were related to the total bacteria by additional quantification of rpoB and 16S rRNA
genes. To analyse the effect of herbicide application, the model compound MPCA was
applied to some microcosms. The amplification efficiency, which is directly linked to
a sufficient quantification of the alkB genes from different strains was improved by
modifying the respective primers and PCR protocols (Publications I and II). For the
purpose of analysing the spatial distribution of the alkane monooxygenase in the soil

matrix, antibodies against AlkB should be prepared.
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4 Materials and Methods

4.1 Materials

4.1.1 Chemicals and proteins

Compound

Company

AHT (anhydrotetracycline)

BCIP (5-bromo-4-chloro-
3-indolylphosphate p-toluidine salt)
BSA (bovine serum albumin)

Bsal

CaCl,

Chloramphenicol

n-DDM (n-dodecyl-p-D-maltoside)
DEPC (diethylpyrocarbonate)

DMF (dimethylformamid)

EDTA

(ethylenediaminetetraacetic acid)
Ethanol

GeneScan" 500 ROX"

Glycine

Goat-anti-Rabbit-1gG

n-hexane

HpyCH4V

MCPA
(4-chloro-2-methylphenoxyacetic acid)
[3-Mercaptoethanol

NaCl

NaN,

Na,SO,

NBT (nitro-blue tetrazolium chloride)
PEG-6000 (polyethylene glycol-6000)
Pfu-Polymerase

Ponceau-S

Power Sybr®Green Master Mix

IBA GmbH, Germany

AppliChem, Germany
Sigma-Aldrich, Germany

New England Biolabs, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
AppliChem, Germany

Sigma-Aldrich, Germany
Merck, Germany

Applied Biosystems, USA
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Merck, Germany

New England Biolabs, Germany

Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
AppliChem, Germany
Sigma-Aldrich, Germany
AppliChem, Germany
Fluka, Germany
Invitrogen, Germany
Sigma-Aldrich, Germany
Applied Biosystems, USA
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SDS (sodiumdodecylsulfate) Fluka, Germany

SuperScript® II Reverse Transcriptase Invitrogen, Germany

T4 DNA-Ligase
Taq-Polymerase

Fermentas, Germany

Fermentas, Germany

Taq-PCR Master Mix Qiagen, Germany

Tris

(2-amino-2-hydroxymethyl-propane-1,3-diol) ~ Merck, Germany

Triton®X-100
Tween® 20

AppliChem, Germany
Sigma-Aldrich, Germany

4.1.2 Kits for nucleic acid extraction and purification

Kit Company
AllPrep DNA/RNA Mini Kit Qiagen, Germany
NucleoSpin®Plasmid Kit Macherey-Nagel GmbH, Germany
Wizard® SV Gel &
PCR Clean-Up System Promega, Germany
QIAquick PCR Purification Kit Qiagen, Germany
4.1.3 Oligonucleotides
Primer 5’ — 3’ sequencel’:?3 Reference
alkB1f AAYACNGCNCAYGARCTNGGNCAYAA [107]
g - alkBlr  GCRTGRTGRTCNGARTGNCGYTG [107]
09 168t GGTAGTCYAYGCMSTAAACG [15]
g 16Sr GACARCCATGCASCACCTG [15]
rpoBf  AACATCGGTTTGATCAAC [41]
rpoBr  CGTTGCATGTTGGTACCCAT [41]
> 5 anti-forl AGATCGGGTCTCAGCGCATGTTTGCCTCGCTTTCCT  (this study)
'-5 =)
_8 'g anti-for2 GCCCACAAGACCCGCTGG (this study)
£ '§ anti-tev] CGTCGTGGTCTCATATCAGATGCGCTGGGTGTCGG  (this study)
®
2 antirev2 CCAGCGGGTCTTGTGGGC (this study)

1) italic bases have been substituted with an inosine
2) underlined bases represent Bsal restriction site
3) bold bases represent point mutation to mask Bsal restriction site
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4.2 Methods

4.2.1 Soil microcosm experiments

In the three different incubation experiments, which are displayed in detail in the follow-
ing sections, microcosms have been designed and prepared as shown in Figure 11. All
prepared soil columns were pre-incubated in the dark for two weeks at a temperature of
14 °C in order to equilibrate the soils and restore microbial activity. After pre-incubation,
the microcosms were covered with small pieces (25 mm?) of fresh litter material from var-
ious sources (Fig. 11) and incubated under specific conditions. The litter was sampled
at the same research site described in experiment 1 (see section 4.2.1.1). To eliminate
the potential photodegradation of litter materials [13; 25|, the incubation experiments

were done under exclusion of light.

Cl CHj
Experiment 1 (E1) \@
abundance of a/kB genes and transcripts (|)
abundances of rpoB genes CH,COOH
litter degradation rates
MCPA

Experiment 2 (E2) Experiment 3 (E3)

f alkB
abundance of alkB genes abundance of a/kB and 16S rRNA genes

Fig. 11: Schematic overview of the soil microcosm experiments

A) Undisturbed soils (Euric Cambisol, Luvisol) were covered with litter of maize or pea plants, B) Soil columns with
different artificial soil mixtures (in each case one) were covered with litter of wheat, C) Destructively sampled Luvisol
soil was mixed with MCPA and covered with pea litter. The sampled compartments and the particulate analyses done
in each experiment are indicated. i = litter compartment, ii = litter-soil interface compartment (0-3 mm), iii = bulk soil
compartment (10-13 mm). Note that in experiment 3 (C) indications represent 0-3, 3-6 and 6-9 mm soil depth respectively
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4.2.1.1 Dynamic of alkB genes in different soil compartments (E1) of two
arable soils

In this experiment the dynamics of alkB genes and transcripts in relation to the total
bacteria (rpoB genes) were analysed in two arable soils with undisturbed structure. For
this, 96 soil cores (48 cores each soil type) were taken from the top 5 cm of a sandy-
loamy and a silty-loamy soil at the agricultural research farm "Klostergut Scheyern"

(www.helmholtz-muenchen.de/scheyern), located 45 km north of Munich. The sampling

was done in autumn 2008 after the harvest of maize (Zea mays L.) and alfalfa (Medicago
sativa L.), respectively, by using soil augers made of stainless steel (diameter 5 cm, height
5 cm). After sampling, the current soil moisture as well as the soil pH (using 0.01 M
CaCl,) were determined. Beside these parameters, Table 3 summarizes the texture of
the two soils, which was previously determined in 2003 by using a protocol of Sinowski
& Auerswald [204]. Soil classification was done after a guideline of the World Reference

Base for Land Resources [259].

Sand Silt Clay pH mWHC

Soil type

(%) (%) (%) (CaCly) (%)
Euric Cambisol (sandy-loamy) 55.2 314 134 5.9 29.9
Luvisol (silty-loamy) 18.0 60.0 21.4 6.1 34.4

Tab. 3: Parameters of the soils used in experiment 1

Top soil samples were taken from two arable soils and used for microcosm experiments. Soil texture was determined in
2003 after a protocol of Sinowski & Auerswald [204]. Soil classification was subsequently done after the World Reference
Base for Land Resources [259]. The measurement of soil pH and moisture was done directly after the top soil samples
have been taken.

Before the microcosm experiment started, soil cores were equilibrated for two weeks at
14 °C and 55% of the maximum water holding capacity (mWHC) to reset microbial
activity. Three cores of each soil type were sampled after equilibration and served as
time point zero treatments (T0). Nine soil cores of each soil type were incubated with
1 g dry weight (dw) of fresh litter material from maize (Zea mays L., EC60), respectively
pea (Pisum sativum L., EC60) which was applied carefully on the top of the soil cores.
Additionally, for each litter and soil type nine cores were incubated using litter material
in nylon litterbags (1 g litter material per bag; 50 um mesh size of the bags), which
were carefully covered by soil to determine litter degradation rates. Nine cores of each
soil type without litter addition served as non-litter controls (NLC). All cores were
incubated in the dark up to 30 weeks at a constant temperature of 14 °C and a soil

moisture of 55% of mWHC. Sampling of three soil cores per treatment (sand-pea; sand-

29



Methods

maize; sand-control; silt-pea; silt-maize; silt-control) was performed two (T1), eight (T2)
and 30 (T3) weeks after litter addition. For each sampling three compartments (litter
layer, litter-soil interface and bulk soil 1-1.5 cm below the interface) were sampled from
each core and treated as true replicates from the treatments. To obtain the litter-soil
interface, the remaining litter material was carefully removed with a pair of forceps and
then carefully sampled using a clean spatula up to a depth of 2-3 mm below the litter
layer. All taken samples were immediately shock frozen in liquid nitrogen and stored at
-80 °C for molecular analysis. For the determination of litter degradation rates, litter
bags were removed from the soils of the corresponding treatments at T1, T2 and T3.

After air drying the litter material mass losses were determined gravimetrically.
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4.2.1.2 Dynamic of alkB genes in artificial soils (E2)*f

To gain more insights into the mechanisms of BGI formation in dependency of single
compounds of the fine fraction (< 6.3 pm particle size), microcosm experiments with
artificial soils were conducted (Fig. 11B). Eight various soil compositions (Tab. 3) dif-
fering in their fine fraction and subsequently in the size of pores were prepared in order
to simulate various chemico-physical conditions of natural soils. The soils were subse-

1 s0il)

quently supplied ones with sterilized manure as sole carbon source (15 mg C g~
and inoculated with a water extraction of an Eutric Cambisol soil (Ultuna, Sweden) for
three and twelve months (pre-aging) as recently described [79]. During the incubation,
the soils were supposed to form organic-mineral complexes with evolution of specific
bacterial consortia. Nevertheless, due to the frequent mixing of the soils in order to
gain homogeneous distributed soil moisture, no formation of soil layers was expected.
However, after the pre-aging of the mixtures, 24 microcosms (three for each soil mixture
and pre-aging time respectively) were prepared by stratifying the pre-aged soils (1 cm
layer thickness) on a sandy drainage layer using truncated 50 mL falcon tubes (3 cm

diameter) as shown in Figure 12.

winter wheat

artificial soil
micture

iii

sand drainage

Fig. 12: Design of soil microcosms in experiment E2
After the addition of wheat (Triticum aestivum L.) litter, samples were taken from the litter-soil-interface (ii) and the
bulk soil compartment (iii) at the beginning and after two weeks of incubation (T1).

*The experiment was part of two bachelor theses (S. Ammermiiller, K. Linnemann) under my supervision
tPreparation of artificial soils and subsequent pre-aging were done by G. Pronk and K. Heister (Chair

of Soil Science, TU Miinchen)
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The prepared soil columns were subsequently covered with litter of wheat (7Triticum
aestivum L., EC25) and incubated for two weeks at a temperature of 14 °C. During
the whole incubation the soil moisture was determined gravimetrically and kept at 55%
of mMWHC. At the beginning (T0) of the experiment bulk soil samples from the pre-
aged soils were taken as TO, whereas the litter-soil-interface (0-1 mm) and the bulk soil
compartment (10-11 mm) were sampled after two weeks of incubation (T1) as indicated
in Figure 12. In this experiment only the abundance of alkB genes at the different

compartments was analysed.
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4.2.1.3 Dynamic of alkB genes in a MCPA contaminated soil (E3)*

During the agricultural use of 4-chloro-2-methylphenoxyacetic acid (MCPA) for weed
control, only minor fractions directly reach the plants. The majority is rinsed from the
leaves during rain fall or irrigation or directly enters the soil during its dispersion. In
this experiment, a possible influence of MCPA on the abundance of alkB-harbouring
bacteria, which would benefit from the elevated litter derived alkane amounts as a con-
sequence of MCPA induced plant death, was analysed (Fig. 11C) in relation to the total
bacterial community (16S rRNA genes). Therefore, sieved (< 2 mm) top soil samples

(0-5 ¢cm) which have been compacted to a density of 1.2 g cm™3

were used to prepare
32 microcosms in total as demonstrated in an earlier experiment from Poll et al. [164]

and schematically shown in Figure 13.

] i&-—,_,——-ii
L NaOH
Water supply
Irrigation
Soil core

— Ceramic plate

Leachate

Fig. 13: Design of soil microcosms after Poll et. al [164].
During incubation, prepared soil microcosms were weekly irrigated with 0.01 M CaCl, solution. The NaOH reservoir could
be potentially used for measurement of microbial CO, production, which was not accomplished during this experiment.

In experiment E3 the same silty soil was used as in E1 (Tab. 3), which was taken
in December 2009 after the harvest of wheat (Triticum aestivum L.). However, after
the pre-incubation 16 soil microcosms were spiked with 50 mg g~! soil (dw) MCPA,
whereas the remnants received only water and served as non-contaminated controls. All

cores were incubated at 14 °C for up to six weeks with pea litter (Pisum sativum L.,

*This experiment was done by a Master student (T. Yuyukina) who was equally supervised by me and

colleagues from the Institute of Soil Science and Land Evaluation (University of Hohenheim)
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EC63), which was acting as natural alkanes source. A soil moisture corresponding to
a water suction of -63 hPa was maintained by weekly irrigation with a solution of 0.01
M CaCl,. Prior the different soil compartments were sampled at the beginning (T0)
and after one (T1), three (T2) and six (T3) weeks of incubation, soil columns were
frozen to facilitate exact sampling by using a cryostat microtome (HM 500M, MICROM
International GmbH, Germany). The different soil compartments were sampled in the

following distances to the litter: 0-3 mm, 3-6 mm, 6-9 mm.
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4.2.2 Nucleic acid extraction

DNA and RNA have been co-extracted by using a protocol after Griffiths et al. [69].
This protocol was found to be suitable for the extraction of soil and plant litter related
nucleic acids. In order to optimize the yield of DNA and RNA, the protocol was mod-
ified by Téwe et al. [232]. In detail, 0.5 g of fresh litter material were extracted in
lysis tubes (PreCellys Ceramic Kit, Peglab, Germany) with 0.5 mL extraction buffer
containing cetyl trimethylammonium bromide and the same volume of a mixture of
phenol, chloroform and isoamyl alcohol (25: 24: 1) (pH 8.0). In contrast to Towe et
al. no -mercaptoethanol was added to the extraction buffer. The samples were sub-
sequently lysed by using the Precellys®24 Homogenizer (Peqlab, Germany) for 2 x 30
sec., resulting debris were pelleted during centrifugation at 4 °C and 16,100 x g for 5
min. The resulting aqueous phase was recovered and mixed with an equal volume of a
mixture of chloroform and isoamyl alcohol (24: 1) by vigorous shaking to remove phenol
residues. After a second centrifugation this purification step was repeated. Afterwards
nucleic acids were precipitated by adding one volume of a precipitation solution (10%
PEG 8000, 1.2 M NaCl), incubation on ice for 2 h and centrifugation for 10 min. at
4 °C. To remove the polyethylenglycol and the sodium chloride which would interfere
with downstream applications, the resulting nucleic acids were washed in ice-cold 70%
ethanol and precipitated again by centrifugation (10 min., 4 °C). After air drying, the
pellet was resuspended in 50-100 pL nuclease-free water. DNA and RNA were separated
by spin columns using the AllPrep DNA/RNA Mini Kit (Qiagen, Germany) following
the manufacturer’s instructions.

Quality and quantity of the seperated nucleic acids were subsequently determined spec-
trophotometrically at 230, 260 and 280 nm (Nanodrop® ND-1000, Peqglab, Germany).
In addition, the quality of the RNA was tested by screening for DNA residues. For this
purpose RNA extracts were used as template for PCR with 16S rRNA specific primers
(see 4.1.3). To overcome the false-positive signals for 16S rRNA genes which can occur in
PCRs performed with Tag-polymerase [172], a more specific Pfu-polymerase was used.
Since no signals could be detected after gel electrophoresis, the used nucleic acid sepa-
ration method was found to be sufficient. First strand cDNA was therefore synthesized

with SuperScript® IT Reverse Transcriptase using 1 pmol of random hexamer primer.
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4.2.3 Optimization of alkB-specific primers and PCR reaction mixtures

In 2006, Kloos and colleagues [107] proposed a set of primers which covered a broad
range of different alkB-harbouring bacteria (refer to section 4.1.3). These primers were
highly degenerated and therefore enabled phylogenetic analyses in environmental sam-
ples. As illustrated in Figure 14, the binding sites of the proposed primers were located
in the coding regions of the histidine motifs one and four. Subsequently the amplicon
covers the whole catalytic center of the alkane monooxygenase, which is highly conserved

among the different species.

T™I1 T™M2 T™3 T™M4 T™M5 TM6
NH, u — m m 'I—I_ COOH
HIS1 HIS2 HIS3 HIS4
Hx3_4H Hx,_3HH Hx3_4H Hxp_3HH
alkBf1 alkBr1
*—>

alkB amplicon (550 bp)

Fig. 14: Binding sites of degenerated alkB primers

Degenerated primers (alkBfl, alkBrl) published by Kloos et al. [107] for the amplification of alkB gene fragments bind
in the coding regions of histidine motifs 1 and 4. The amplicon, which is shown in relation to the AlkB protein, covers
all four histidine motifs (HIS1 - 4), representing the catalytic center of the hydroxylase. Transmembrane domains are
indicated by light-gray boxes (TMI1 - 6).

However, due to their high degeneracy, 4096 fold and 512 fold for alkBfl and alkBrl
respectively, the effective concentrations of the individual primer sequences is very low
(1/4096 alkBf1, 1/512 alkBrl). In consequence, the amplification of the individual alkB
sequences is stoichiometrically limited. This might result in an underestimation of the
gene copy numbers. Additionally, a biased quantification is also strongly impacted by
the amplification efficiency during a PCR. For example, after 30 cycles of a PCR with
only 90% efficiency, detected gene copy numbers are one order of magnitude lower, com-
pared to reactions with 100% efficiency. As demonstrated in Table 5, these enormous
differences are further enhanced in reactions with 80% efficiency or below.

As known from literature, effectivity of polymerase chain reactions can be enhanced
by the addition of different compounds. For example, bovine serum albumin (BSA)
can interact with potential inhibitors, which would hamper the activity of the DNA-
polymerase. Tsai et al. [231; 230] postulated that humic substances, which might
contaminate nucleic acid extracts from soil samples, have inhibitory effects on down-
stream enzymatic applications like PCR. Furthermore, the addition of dimethylsulfox-
ide (DMSO) might increase the amplification of GC-rich templates, resulting in elevated
efficiencies also. Besides, MgCl, can improve the binding of the primers to their target

and form complexes with dANTPs, which can be used as substrates for the polymerase.
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Gene copy numbers

Cycle 100% Effeciency 90% Effeciency 80% Effeciency 70% Effeciency

0 1 1 1 1
5 32 25 19 14

10 1,024 613 357 202

15 3.2 %104 1.5 * 10* 6.0 * 103 2.0 * 103
20 1.0 * 10° 3.8 % 10° 1.3 *10° 4.0 * 10*
25 3.3 * 107 9.3 * 106 2.4 * 106 5.8 * 10°
30 1.0 * 10° 2.3 * 108 4.5 * 107 8.2 * 106

Tab. 5: Effect of different amplification efficiencies
Assuming a doubling of the copy numbers of a target gene in a PCR with 100% effeciency, immense underestimations
would be the result in lower effective amplifications.

Anyhow, as frequently reported in the manuals of commercial real-time PCR kits, high
amounts of DNA and ¢cDNA could also diminish the amplification efficiencies. In order
to improve the amplification of alkB gene fragments from soil samples, the respective
primers were modified. For this, every four folded base was substituted by an inosine
nucleotide. As inosine indiscriminately pairs with adenine, thymine or cytosine; degen-
eracy would be reduced drastically. In contrast, the individual concentrations of the
single primer sequences would be increased (e.g. 1/256 alkBfl, 1/128 alkBrl). In ad-
dition, various tests including the application of BSA, DMSO and extra MgCl, were
done, to check for their impact on the efficiency. Due to their high degeneracy, the used
primers have a broad spectrum of optimal annealing temperatures and tend to form
dimer complexes also. Consequently, the effects of an initial touchdown step with two

different temperature ranges as well as the signal detection at 78 °C was tested.
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4.2.4 Quantitative real-time PCR

In order to analyse the abundance of alkB genes and transcripts as well as 16S rRNA
and rpoB genes at the different soil compartments, Sybr®Green-based real-time PCR’s
were accomplished. Based on the results of the preliminary tests, which will be presented
in subsection 5.1, adapted PCR reaction mixtures and protocols have been used for the
amplification of alkB. As mentioned earlier, high amounts of nucleic acids can impact
the amplification efficiency. Therefore, samples of soils and litter material were diluted
16 fold and 32 fold respectively. As a result, amounts of DNA and ¢cDNA used in the
reaction mixtures are fluctuating. Reaction mixtures have been prepared as summarized

in Table 6.

E1 E3
E2

alkB rpoB alkB 16S rRNA
template (DNA) 5.0-15.0 ng  5.0-15.0 ng 4.0-30.0 ng 2.0-25.0 ng  2.0-25.0 ng

template (cDNA) 10.0-40.0 ng - - - -

alkB1f 0.1 pM - 0.1 pM 0.1 pM -
alkB1r 0.1 pM - 0.1 pM 0.1 pM -
rpoBf - 0.1 uM - - -
rpoBr - 0.1 uM - - -
16Sf - - - - 0.01 uM
16Sr - - - - 0.01 uM
MgCl, 2.0 mM 2.0 mM 2.0 mM 2.0 mM 2.0 mM
BSA 0.06 % 0.06 % 0.06 % 0.06 % 0.06 %
Sybr® Green

Master Mix 1x 1x 1x 1x 1x
DEPC-water add to 25 nL respectively

Tab. 6: Real-time PCR reaction mixtures

In contrast to alkB, amplification efficiencies of 16S rRNA and rpoB genes were found
to be at 92% and 87% respectively. Therefore respective primers and protocols were
used without modification as previously described in each case by Bach et al. [15] and
Powell et al. [166]. As an exception, the signal detection was done similar to alkB at

78 °C for 30 seconds. All modifications of the amplification protocols are summarized

in Table 7.
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alkB 16S rRNA rpoB

Stage 1 (1x)
Hotstart 10 min., 95 °C 10 min., 95 °C 15 min., 95 °C
Stage 2 (5x)
Denature 45 sec., 95 °C - -
Aneal 1 min., 62 °C ] ]

(-1 °C/cycle)
Extend 45 sec., 72 °C - -
Stage 3 (40x)
Denature 45 sec., 95 °C 20 sec., 95 °C 30 sec., 88 °C
Anneal 1 min., 57 °C 1 min., 62 °C 30 sec., 50 °C
Extend 45 sec., 72 °C 30 sec., 72 °C 30 sec., 72 °C
Data Collection 30 sec., 78 °C 30 sec., 78 °C 30 sec., 78 °C
Stage 4 (1x)
Denature 15 sec., 95 °C 15 sec., 95 °C 15 sec., 95 °C
Anneal 30 sec., 60 °C 30 sec., 60 °C 30 sec., 60 °C
Extend 15 sec., 95 °C 15 sec., 95 °C 15 sec., 95 °C

Tab. 7: Modified real-time PCR protocols for the amplification of alkB, 16S rRNA and rpoB

Absolute quantification of the different genes was done by using fragments of alkB (550
bp) and rpoB (345 bp) from P. putida as well as 16S rRNA (260 bp) from Clavibacter
michiganensis michiganensis respectively. These fragments were amplified and subse-
quently cloned into commercial pCR2.1 vectors (Invitrogen, Germany). With the as-
sumption, that only single fragments were introduced into the vector, amounts of gene
copy numbers were calculated by using Equation 1. Serial dilutions of the real-time PCR

standards produced linear standard curves (r? > 0.99) over five orders of magnitude.

C

ng(m*l>*NA (1)

n = copy numbers pl~!, ¢ = concentration of recombinant vector (pg ul—!), m = molecular weight of 1 bp (666 ng

pmol~1), 1 = length of recombinant vector (bp), N4 = Avogadro constant (pmol)

40



Methods

4.2.5 Statistical data analysis

One- or multifactorial ANOVA calculations were done by using log-transformed data,
which fulfilled assumptions of normal data distribution and homogeneity of variances.
Both have been checked by histograms and the Kolmogorov-Smirnov test at a level of
significance of P < 0.05. Statistical analyses of the litter degradation and the abundances
of rpoB (E1) and 16S rRNA (E3), as well as alkB genes (E1-E3) and transcripts (E1)
were done by using the statistical software SPSS version 11.5 (IBM Deutschland GmbH,
Ehningen, Germany).
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4.2.6 Production of anti-AlkB antibodies

In order to localize the alkane monooxygenase AlkB directly in the soil matrix, anti-
AlkB antibodies should be produced in the present thesis. Although, the AlkB protein
was successfully overexpressed in earlier studies [152; 157; 214; 213|, a sufficient pu-
rification for the effective production of anti-AlkB-antibodies was not accomplished.
Consequently, the resulting immunoglobulins might recognize unspecific proteins, lead-
ing to a large number of false positive signals. Therefore an application for the in situ
localization of AlkB might be not feasible.

In order to simplify the specific isolation of AIkB and consequently reduce the potential
synthesis of antibodies binding unspecific epitopes, overexpression of the target protein
and its direct isolation was in the focus of the present experiment.

Therefore, only the alkB gene itself was directly fused behind a promoter which was
under the control of an extra inducer, facilitating the secretion into the periplasm. The
produced AlkB protein was purified with strep-tag specific affinity columns and subse-
quently used for the production of polyclonal anti-AlkB antibodies. The single steps
which have been accomplished to produce the antibodies are displayed in detail in the

following subsections. In addition, a schematic overview is illustrated in Figure 15.
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Fig. 15: Flowchart of the anti-AlkB production

Single steps from the cloning of alkB and the subsequent ligation into the commercial expression vector pASK-IBA6C.

Transformation of recombinant vectors into different host strains were facilitated in order to overexpress and consequently

purify AlkB. Afterwards gained proteins were used for the immunization of rabbits.

43



Methods

4.2.6.1 Synthesis and cloning of recombinant alkB

For the overexpression of AlkB recombinant expression vectors (pASK-IBA6C, IBA
GmbH, Germany) were synthezised after manufacturer’s instructions by using amplified
copies of alkB2 from P. aeruginosa. However, in silico restriction analyses of the PCR
products revealed an intra-gene restriction site of Bsal which was used for preparing the
ligation. Therefore, a single base substitution was introduced resulting in a replacement
of cytosine with thymine and subsequent masking of the restriction site.

In detail, two gene fragments from alkB were amplified with proof-reading active Pfu-
Polymerase by using the primer sets anti-forl/anti-rev2 and anti-revl/anti-for2 (see
4.1.3). Prior combination via Fusion-PCR (using primers anti-forl and anti-revl), frag-
ments were purified using MinElute PCR, Purification Kit (Qiagen, Germany). Success-
ful amplification and effective masking of the intra-gene Bsal restriction site was checked
by digest of DNA aliquots with Bsal and subsequent agarose gel electrophoresis after
Sambrook et al. [192]. After successful ligation, recombinant expression vectors were
transferred into cells of Escherichia coli strain W3110 via electrotransformation (1.8 kV,
5.2 msec.) using a MicroPulser Electroporator 165-2100 (Bio-Rad Laboratories GmbH,
Germany) according to manufacturer’s recommendations. Selection of transformed cells
was subsequently done in an overnight incubation at 37 °C using LB agar plates and
chloramphenicol (30 pg ml~!). Resulting colonies were used for the production of stor-
age cultures using 20% (v/v) sterile glycerine, which were subsequently aliquoted and
stored at -80 °C until further use. Accessorily, the recombinant vectors were isolated
using the NucleoSpin®Plasmid Kit (Macherey-Nagel, Germany) and subsequently anal-

ysed to check for the correct alkB sequence.

44



Methods

4.2.6.2 Overexpression and isolation of strep-tagged AlkB

Prior to the large scale cultivation of recombinant F. coli cells for synthesis of AIkB, tests
for optimal growth and protein expression conditions were done. These tests included i)
different incubation temperatures, ii) different optical densities at which induction was
initiated and iii) three cultivation media (LB, 1/5 LB, R2A after [173]) with different
nutrition levels. During the temperature test, synthesis of AlkB was analysed on pro-
teomic and transcriptomic scale, where isolated RNA was transcribed into cDNA and
used as template for PCR using anti_forl/anti revl primer set (see 4.1.3) and Tag-
polymerase. PCR products were subsequently analysed by gel electrophoresis with 1%
agarose gels. Beyond the results which are discussed in detail in section 5.5, incubation
was done at 30 °C in LB medium (25 L in total), supplemented with chloramphenicol (30
ng ml~t). At an optical density of 0.5 - 0.7 (measured at 550 nm), which was corrspond-
ing to 1.25 - 1.75 x 108 cells ml~* [147], the induction of the AIkB overexpression was
induced by the addition of 0.1% (w/v) glucose and 250 ng ml~! anhydrotetracycline
(AHT). After 2h of induction, where no significant increase of the optical density was
monitored, cells were harvested by centrifugation (9700 x g, 4 °C) and obtained pellets
were resuspended in buffer W. All buffers, which have been used for the resuspension
of the cell pellets and the purification of the protein extracts via Strep-Tactin affinity
columns, are demonstrated in Table 8.

Unfortunately, a periplasmatic expression of the AlkB-Streptag-fusion protein was not
successful. Therefore, the impact of the addition of Triton®X-100 and SDS on the pro-
tein isolation was analysed. Additionally, cell disruption by pressure (French Press, 2 x
1000 bar) or sonication (2 x 3 min, 30% Cycle, 60% Power) was tested (see section 5.5.4).
Despite the results could not proof a hampered cell disruption effeciency for pressure,
sonication was used for protein isolation, as handling of large volumina with FrenchPress
was not feasible. After sonication on ice using a Sonoplus HD-2070 sonicator equipped
with a standard horn SH70G and a microtip MS73 (all Carl Roth GmbH + Co. KG,
Germany), proteins have been received by centrifugation (30 min., 22,200 x g, 6 °C).
The supernatant which included cytoplasmatic as well as membrane related proteins
(loosened membrane bound and freed transmembrane proteins) was diluted with buffer
W to improve binding of the strep-tagged AlkB and prevent clogging of the affinity

column by high protein concentration.
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4.2.6.3 Protein purification and immunization of rabbits

To purify the strep-tagged Alkane monooxygenase from the cellular proteom the ex-
tracted proteins were passed through Strep-Tag/Strep-Tactin affinity columns after
manufacturer’s instructions (Strep-Tactin MacroPrep®, IBA GmbH, Germany), where
only strep-tagged and highly biotinylated proteins would bind to the matrix. Bound
residues were washed again with fresh buffer W and subsequently released by step-
wise elution with buffer E (Tab. 8), which substituted the proteins with desthiobiotin.
Afterwards, the columns were regenerated using buffer R including water soluble 2-(4-
hydroxyphenylazo)benzoic acid (HABA) (Tab. 8) replacing desthiobiotin vice versa and
preparing the column for further applications. The single elution fractions were tested
for the occurance of AlkB by using 1D-SDS-PAGE according to Laemmli and colleagues
[118] and Spectra Multicolor Broad Range Protein Ladder (Fermentas, Germany). Pos-
itive fractions were pooled and mixed with 0.1% n-DDM (n-dodecyl-B-D-maltoside) to
prevent protein aggregation during concentration. After this, the protein solution was
inspissated by using centrifugation (4000 x g, 15 °C) and 10 kDa Amicon Ultra Cen-
trifugal Filter Devices (Millipore, USA) which restrained proteins greater than 10 kDa.
Concentrates were accordingly washed twice with buffer W and checked again for the
occurance of proteins with the respective size of recombinant AlkB (44 kDa) by 1D-
SDS-PAGE.

Strep-tag® buffer W Strep-tag® buffer E

Tris/HCI (pH 8.0) 100.0 mM Tris/HCI (pH 8.0) 100.0 mM

NaCl 150.0 mM NaCl 150.0 mM

EDTA 1.0 mM EDTA 1.0 mM
Desthiobiotin 2.5 mM

Strep-tag® buffer R

Tris/HCI (pH 8.0) 100.0 mM

NaCl 150.0 mM

EDTA 1.0 mM

HABA 1.0 mM

Tab. 8: Buffers for protein purification with affinity column

As shown in Figure 34 (see section 5.5.5), a lot of contaminating proteins of different
sizes were co-eluted from the affinity columns. To get rid of these contaminants, different

strategies have been done including addition of avidin to the cell extract prior column
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load as well as adding 2.5 M NaCl to increase ionic strength and decrease non-covalent
complexing. Since these methods were not successful, concentrated elution fractions
solution was loaded on a preparative 1D-SDS-PAA gel and subsequently separated in
the electric field in order to isolate AlkB. Bands with the respective molecular weight of
AlkB were additionally cut from the gel and analysed by mass spectrometry (University
of Greifswald, Germany). After the confirmation of a sufficient AlkB quality, the gel
slices were used for the immunization of two female New Zealand rabbits, which have
prior been negatively tested for already existing anti-AlkB antibodies. In detail, primary
immunization was done by subcutaneous injection of the gel slices, which were amended
with Freund’s complete adjuvant. After several boosts with incomplete Freund’s adju-
vant, first sampling of the immune-serum was done after 60 days. Immunization was
subsequently prolonged and aliquots of serum were sampled monthly in order to moni-
tor the synthesis of anti-AlkB immunoglobulins. Animal husbandry, immunization and

extraction of serum were commercially done by Pineda-Antikorper-Service (Germany).
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4.2.6.4 Testing of anti-AlkB antibody

Testing of anti-sera taken at 120, 180, 210 and 240 days after first immunization was done
by Western-Blot analyses. Therefore, protein solutions from restrained elution fractions,
which included the recombinant AlkB were separated by 1D-SDS-PAGE and afterwards
transfered on methanol activated membranes of polyvinylidene fluoride (PVDF) (Ap-
plichem, Germany) via semi-dry Western-Blot procedure using a Fastblot-B32 apparatus

(Biometra GmbH, Germany).

Western-Blot Protein detection
SP-UL buffer CBB R-250
Tris 25.0 mM Brilliant Blue R-250 0.2% (w/v)
Na,HPO, 10.0 mM Methanol 40.0% (v/v)
Glycine 205.0 mM Acetic acid 7.0% (v/v)
Urea 6.0 M Water 52.8% (v/v)
SDS 1.1% (w/v)
B-Mercaptoethanol 1.0% (v/v)
Ponceau-S
Ponceau-S 0.1% (w/v)
Acetic acid 5.0% (v/v)
Water 94.9% (v/v)

Tab. 9: Buffer for semi-dry Western Blot and dyes for protein staining

Since blotting of membrane proteins can be difficult due to their high percentage of hy-
drophobe amino acids (AlkB contains six transmembrane domains), a two-component
transfer buffer (SP-UL buffer) after Abeyrathne and Lam [2] was used. In Table 11
the single components of the different buffers and staining solutions are summarized.
Successful transfer of proteins was checked by staining the PAA-gels with Coomassie
Brilliant Blue R-250 (CBB R-250), whereas the air dried membranes were reversible
stained with Ponceau-S (Tab. 11).

To test the sampled anti-sera for quality and quantity of anti-AlkB antibodies, the
dried PVDF-membranes were incubated with a mixture of blocking buffer and different
dilutions of rabbit anti-sera respectively (Tab. 10). Afterwards, the membranes were
washed twice with fresh blocking buffer to mask unspecific binding sites and subsequently
incubated with goat-anti-rabbit-IgG as secondary antibody, which was additionally con-
jugated with alkaline phosphatase (1:200,000). The membranes were then incubated

with AP-buffer, which provides optimal conditions for the phosphatase reaction, fol-
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lowing a last incubation with blocking buffer and a two-step wash with water. For

the detection of the secondary immunoglobulins, a chromogen solution (Tab. 11) was

used where the dephosphorylation of BCIP and congruent reduction of NBT yielded a

black-purple-colored precipitate.

Stage

Duration

1 Semi-dry Western Blot
Incubation of PVDF-membrane with

blocking buffer and rabbit anti-serum

3 Wash Step (blocking buffer)

Incubation of PVDF-membrane with

blocking buffer and goat-anti-rabbit-IgG /AP
5 Wash Step (blocking buffer)

6 Wash Step (water)

7 Incubation with AP-buffer

8 Incubation with Chromogen solution

5 mA /cm?, 20 min.
over night, RT

2 X 5 min.

1 x 2h, RT

1x 15 min.
2 - 3x 30 sec.
1 x 15 min.

until protein bands appear

Tab. 10: Semi-Dry Western Blot detection protocol

Blocking buffer
Tris/ HCI (pH7.6)

NaCl

NaN,

skim milk
Tween 20
AP-buffer
NaCl
MgCl,

Tris/ HCI (pH 9.5)

Chromogen solution

AP-buffer
NBT stock
BCIP stock

50.0 mM
150.0 mM
0.05% (w/v)
2.5% (w/v)
0.05% (v/v)

100.0 mM
5.0 mM
100.0 mM

99.0% (v/v)
0.66% (v/v)
0.33% (v/v)

NBT stock solution

NBT
DMF
Water

5.0% (w/v)
70.0% (v/v)
52.8% (v/v)

BCIP stock solution

BCIP
DMF

5.0% (w/v)
95.0% (v/v)

Tab. 11: Buffer for semi-dry Western Blot and dyes for protein staining
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5 Results

5.1 PCR-amplification of alkB in environmental samples

The primers used in the present study for the quantification of alkB genes and tran-
scripts, covered a broad range of different alkane degraders. Due to their high degeneracy,
the use of these primers during real-time PCR was limited. Amplification efficiencies
did not exceed 75% which resulted in an understimation of gene copy numbers. There-
fore several tests were done to optimize the amplification and consequently gain more
reliable results. These tests included not only the improvement of the primers itself, but
also different additives in the reatcion mixtures, as well as an alternated PCR. protocol.
As a consequence of the results of these preliminary tests, which will be presented in
the following subsections, the amplification efficiency could be increased to almost 86%.
The modification of the primers as well as the adapted protocol for Sybr® Green-based
real-time PCR have been published successfully (Publication I, IT).

5.1.1 Modification of alkB primers with inosine nucleotides

The substitution of every four fold degenerated base by an inosine nucleotide did not
change the specific binding at highly conserved sites, as demonstrated by Kloos and
colleagues (refer to Fig. 14). Using in silico analyses, the modified primers were aligned
against a selection of alkB-harbouring bacteria, including members of Acinetobacteria,
[3- and y-proteobacteria. The results, which are displayed in Figure 16, clearly demon-
strate a significant convergence between the primers and the sequences coding for histi-
dine motifs one and four. As these motifs are highly conserved among a broad spectrum
of alkane degrading bacteria, the optimized primers are potentially suitable for phylo-
genetic analyses. To verify this, gene fragments of alkB were amplified from different
environmental samples using the inosine containing primers and subsequently sequenced.
The results apparently indicate the detection of alkB genes without any discrimination
between known bacterial groups (Publication IT). Several sequences showed high sim-
ilarity to alkB genes from Nocardoides sp. CF8 or strains belonging to Mycobacteria.
Interestingly, similarities to the marine strain Microscilla marina ATCC23134 were also

found in this study.
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5.1.2 Data collection during an extra-ordinary reaction step

Despite the introduction of inosine nucleotides, the primers remained highly degener-
ated. Especially in samples with low amounts of target DNA, this could lead to increased
formation of primer dimers. As gene quantification was based on a Sybr®Green assay,
even such short double-strained DNA fragments might be detected and increasing total
fluorescence signal strength. As a result, gene quantification might be biased. As known
from several PCR applications, primer dimers mostly disintegrate at temperatures above
75 °C. Therefore, the effect of signal acquisition at 78 °C was tested with non-template
controls (NTC), where potential dimers were the only source for fluorescence signals.
As shown in Figure 17, primer dimers were still intact at 72 °C (Fig. 17B) leading to
fluorescence signals above the threshold (Fig. 17A). Conversely, dimers were dissoci-
ated during data collection at 78 °C (Fig. 17D), leading to signal strengths below the
threshold (Fig. 17C). Consequently, primer dimers were not detected.
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Fig. 17: Reduction of primer dimers during signal detection at 78 °C

Primer dimers bias quantification during data collection at 72 °C (A, B), as they not disintegrate at this temperature (B,
dashed circle) and resulting signals are above the threshold (A, red line). During data collection at 78 °C (C, D) dimers
(D, dashed circle) are dissociated and disappeared. As a result signal strength is below the threshold (C, red line) and
not detected. Contribution of dimers to signal acquisition was tested in non-template controls (NTC). Vertical dashed
lines represent data collection at distinct temperatures.
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5.1.3 Use of DMSO, BSA and MgCl, as additives for real-time PCR

As humic substances can act as inhibitors for the activity of the DNA-polymerase, three
different additives have been tested for improving the amplification of alkB from envi-
ronmental samples. Figure 18 clearly demonstrates, that the addition of 0.06% (w/v)
BSA improved the amplification of the alkB genes and resulted in an effeciency of 89%
(slope: -3,623). Without extra BSA, activity and binding of the polymerase to the target
was hampered. As a result a theoretical effeciency of more than 100% (slope: -2,939)
was calculated, which is not feasable. In most studies concerning samples with GC-rich
target DNA, dimethylsulfoxid (DMSO) is added to improve amplification. Interestingly,
the application of this additive in an alkB real-time PCR seemed to be disadvantageous.
As displayed in Figure 19, amplification in DMSO supplemented reaction mixtures was
low and showed efficiencies around 76% (slope: -4,089) only. In contrast, preparations
containing no extra DMSO seemed to result in higher amplification efficiencies, as the
calculated slope was -3.667 (efficiency of 87%). Magnesium chloride is supposed to form
complexes with dAN'TPs, which are subsequently used as substrate for DNA-polymerases.
Consequently, the addition of MgCl, to PCR reaction mixtures is commonly used for the
improvement of amplification efficiencies. Interestingly, the concentration has thereby
a strong influence. For example, Williams [255] could demonstrate a low binding of
primers to the target, when amounts of used MgCl, are too low. In contrast, Ellsworth
et al. [54] monitored a hampering effect of MgCl, when used in excess. With high
amounts of this compound, base pairing between primer and target DNA is too strong,
preventing the primer/DNA-complex to disintegrate during denaturation at 94 °C. In
the instructions of commercial reaction mixtures, an amount of 3-7 mM MgCl, is rec-
ommended for a successful real-time PCR. However, since the exact amount of MgCl,
in the used Sybr®Green Master Mix is not known, the effect of extra MgCl, was tested.
As demonstrated in Figure 20 the addition of 2 mM MgCl, to the Master Mix increased
the amplification efficiency about almost 15% from 78% (slope: -4.002) to 92% (slope:
-3.512).
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Fig. 18: Addition of bovine serum albumin for elevated alkB amplification
The addition of 0.06% bovine serum albumin (A) improved the amplification effeciencies compared to mixtures without
BSA application (B). The red line represents the threshold for signal detection. See text for details.
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Fig. 20: Effect of extra MgCl, on the amplification of alkB
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5.1.4 Introduction of touchdown steps with different temperature ranges

As a consequence of high degeneracy, the used primers reflected a broad range of anneal-
ing temperatures. If the highest temperatures were chosen, only a minor fraction of the
individual primers would bind to the template. As a result, gene copy numbers might
be underestimated. By using lower temperatures, unspecific primer binding would be
benefited in some cases. To allow for the specific binding of all sequences of the respec-
tive primers, a touchdown with a temperature reduction of about 1 °C per cycle was
introduced. Two touchdown protocols covering temperatures between 62 °C and 57 °C
as well as 57 °C to 52 °C were tested. As demonstrated in Figure 21, the touchdown
from 62 °C to 57 °C resulted not only in clearer standard curve signals but also revealed

a higher amplification efficiency of 87%.
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Fig. 21: Use of touchdown cycles with different temperatures

To optimize the binding of the different primer sequences, especially in the first cycles of real-time PCR, touchdown
steps (-1 °C/ cycle) were introduced. Two ranges of annealing temperatures covering 62 °C to 57 °C (A) and 57 °C to
52 °C (B) were thereby tested. Serial dilutions (1/10) were used for the standard. Dilutions which showed no appropriate
signals were rejected (B). The red line represents the threshold for signal detection.
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5.2 Litter degradation and the dynamic of alkB in different soil

compartments (E1)

In the following section the litter degradation rates as well as the dynamic of alkB-
harbouring bacteria in different compartments are presented. Next to the effectivity
of litter decay, the abundances of alkB DNA and mRNA in litter as well as different
soil compartments were analysed. Obtained data were correlated to the occurance and
activity of total bacteria. For this experiment, sandy and silty soil cores were incubated
with maize and pea plant litter. Samples were frequently taken during the incubation

(T0-T3) from the litter layer, the litter-soil interface layer as well as the bulk soil.

5.2.1 Litter degradation

As summarized in Figure 22, immense losses of organic matter were monitored already
after the first two weeks of incubation, independent of the soil type. Interestingly,
significant higher decomposition rates could be observed for pea litter compared to
maize (P < 0.001). For example, whereas only 50% of the initial maize litter were
degraded in sandy soil, more than 80% of pea plant material were mineralized in the

same time.

sandy-loamy soil silty-loamy soil
maize pea maize pea
%
100

relative amount of remaining litter material

TO T1 T2 T3 = TO T1 T2 T3 TO T1 T2 T3 TO T1 T2 T3

TO = begin of incubation, T1 = 2 weeks, T2 = 8 weeks, T3 = 30 weeks of incubation

Fig. 22: Litter degradation rates

Relative amount of remaining maize or pea litter after the burial in sandy or silty soil and subsequent incubation. The
residual amounts are referred to an initial input of 1 g (dw) of fresh litter material. Error bars represent standard
deviations (n = 3). Significant differences (P < 0.05) between the samples are indicated by different small letters.
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A similar trend was observed during the incubation of silty soil microcosms. With on-
going time, decay was attenuated in both litter types with comparable minor changes
in the quantity of remaining litter material at T2 and T3. For instance, contrary to the
enormous reductions at T1, dry weights decreased about 5% to 10% only. However, sig-
nificant changes in the remaining amounts were only observed for sandy soil microcosms

covered with maize litter (P = 0.002).
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5.2.2 Quantification of rpoB and alkB genes and transcripts
Abundance of alkB in microcosms with litter cover

The high amounts of easy degradable compounds make the litter layer a reservoir for
a large abundance and diversity of micro-organisms. In the present study the dynamic
of alkB genes and respective transcription products were analysed. As expected high
amounts of alkB-harbouring bacteria were found in fresh litter material before the incu-
bation experiment was set. Interestingly, abundances of pre-colonizing alkane degrad-
ing bacteria in maize and pea litter differed significantly (P < 0.05) from each other.
Whereas 3 * 10'° copies g~! litter (dw) were detected in maize straw, copy numbers
found in fresh pea litter were one order of magnitude lower as demonstrated in Figure
23A and B. For instance, at T1 abundances declined to 6 * 10° copies g~! litter in maize
but recovered in all samples at the end of incubation after 30 weeks (T3). In contrast,
a steady increase of gene copies was monitored throughout the experiment in pea litter
material. Although such differences were detected, comparable amounts of alkB were
monitored in both litter types at T3. To this time quantities of almost 1 * 10! gene
copies g~! dry straw material occurred. ANOVA analyses of the litter layer revealed
significant interactions between incubation time and litter type (P = 0.001), reflecting
the influence of both factors on alkB. However, a significant impact of the soil type could
not be identified.

Compared to the litter layers, significant lower (P < 0.001) abundances of alkB were
monitored in the litter-soil interface (0-1 mm) and bulk soil (10-11 mm) layers of sandy
and silty soil microcosms. In these compartments, gene copy numbers were two to three
orders of magnitude lower and ranged between 4.5 * 107 and 8 * 108 copies g~! dry soil.
In general, the dynamic of alkB in the different compartments of sandy and silty soils,
was not influenced by the litter type. In the bulk soil layers, only minor changes in the
course of time were monitored (Fig. 23A, B). Nevertheless, a strong impact of the soil
type was observed (P = 0.000). In contrast to the bulk soils, oppositional tendencies
of alkB gene copies have been reflected in the litter-soil interface layers. Whereas copy
numbers kept constant in sandy soils covered with maize and pea, abundance increased
constantly in the silty soils. Opposite to the bulk soil layers, significant influences of
the soil type were only observed in microcosms covered with maize litter (P = 0.03).
Anyhow, significantly different abundances of alkB in the interface layer and bulk soil
compartments, were only monitored in silty soils (P < 0.01). Conversely, no gradient
formation was found in the respective compartments of sandy soil microcosms. The

quantification of the alkB genes only indicates the genetic potential in the different
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soil layers. Subsequently, information about the activity of the alkane degraders is not
retrieved. Therefore, the amount of the alkB transcripts was determined in order to
estimate the activity of alkB-harbouring bacteria.

In this study, the cDNA was related to the respective genomic DNA, where the ratios
can be used to indicate the specific induction in response to litter derived alkanes. As
demonstrated in Figure 23C, the activity of alkB-harbouring bacteria colonizing the
maize litter increased within the first two weeks of incubation. As expected, this ten-
dency was independent from the soil type. With ongoing incubation, activity decreased
by trend in the litter layer covering both soils, but showed different dynamics. For ex-
ample, in maize litter covering sandy soils, the specific induction which indicates the
bacterial activity, collapsed at T2 and changed only slightly until the end of incubation
(T3). On the contrary, the specific induction receded constantly over the same time
in silty soil microcosms. Interestingly, an increase in the cDNA/ DNA ratio at T1, as
reported for the litter layer, was not monitored in the interface and bulk soil layers of
both soils. Nevertheless, different dynamics in the activity of alkB-harbouring bacteria
in these compartments were detected. For instance, the specific induction decreased
constantly during the incubation in silty soils, whereas no or only slight changes oc-
curred in sandy soils (Fig. 23C).

In opposite to the maize litter, activity of alkane degrading bacteria using alkB uni-
formly declined in the first eight weeks of incubation in pea plant material (Fig. 23D).
Despite this, specific induction slightly recovered at T3. In the soil layers the dynamic
of the cDNA/DNA ratio was comparable to silty soil microcosms covered with maize.
Consequently, no changes of the specific induction where observed until T1 in sandy and
silty soils with pea coverage (Fig. 23D). In the course of time, transcript copy numbers
rapidly reduced at T2, but remained constant until T3. However, monitored changes in

the bacterial activity were not significant as revealed by statistical analyses.

Abundance of alkB in non-litter control microcosms

The presented results do not allow for the discrimination between litter induced effects
on the alkB-harbouring bacteria and those derived from soil. To overcome this and
congruently evaluate the impact of alkanes derived from the litter layer by trend, mi-
crocosms devoid of litter coverage were incubated as non-litter controls. Here again,
abundances of the alkB genes and their specific induction, reflecting the activity, were
detected and are summarized in Figure 24. A clear, significant (P = 0.000) gradient

formation from the interface layer to the bulk soil occoured in the silty soil microcosms,
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whereas no significant differentiation between the compartments could be observed in
the sandy soil. In addition, abundances of alkB in the individual compartments were
strongly impacted by the soil type (P = 0.000) and in the case of bulk soil by the incuba-
tion time also (P < 0.05). However, in the interface layer of the sandy soil, copy numbers
dropped about one order of magnitude after eight weeks of incubation. In contrast, a
steady increase in the abundance of alkB up to 1 * 10® gene copies was detected in the
same layer of silty soil microcosms (Fig. 24A). Variable tendencies were also observed in
the bulk soil compartments. Here, abundances declined within two weeks of incubation
in sandy soil, whereas no changes over the time could be monitored in the silty soil.

Anyhow, a gradient formation in the specific induction of alkB genes was neither ob-
served in sandy nor in silty soils. Remarkably similar tendencies in the
activity of alkB-harbouring bacteria were monitored in the interface layer of both soil
types. Here, statistical analysis reflected a significant impact by the soil type
(P < 0.05). In detail, a strong and significant (P < 0.05) increase of the specific induc-
tion of alkB within the first two weeks of incubation occured in sandy soil microcosms
(Fig. 24B). In contrast, the activity rose only slightly in the same time in silty soil mi-
crocosms. In addition, dynamics of the specific induction of alkB were also comparable
by trend in the respective bulk soil layers. Here, activity increased during the incubation

of both soils, but was more pronounced in the silty soil microcosms (P < 0.05).

Abundance of rpoB at different soil compartments

To disclose if the dynamic of alkB was related to bioavailable alkanes or to factors
benefiting general microbial growth, additional quantification of rpoB was done. This
constitutively expressed gene encodes the (-subunit of the bacterial DNA-Polymerase
and can be used as a marker for total bacterial abundance. Due the fact that rpoB is a
single copy gene, more reliable results compared to the quantification of multicopy 16S
rRNA genes are gained.

As demonstrated in Figure 25, the abundance of rpoB in the litter layer was signifi-
cantly higher (P = 0.000) compared to the soil layers. Interestingly, one exception was
observed at T1 in the interface layer of pea litter covered microcosms. Here, amounts
of total bacteria almost reached the copy numbers found in the respective litter layers.
Anyhow, significant (P < 0.05) different dynamics of rpoB in maize and pea were mon-
itored. In detail, copy numbers significantly (P < 0.05) decreased within the first two
weeks of incubation in maize litter, whereas only a minor increase occurred in pea litter.

With ongoing incubation quantities of rpoB further decreased or changed only slightly
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in the most cases. Conversely, abundances of rpoB in the maize litter material covering
silty microcosms recovered at the end of incubation after 30 weeks and reached initial
amounts around 1 * 101° gene copies g~! soil. As revealed by statistical analyses, gene
quantities during the decay of plant material from both litter types were not impacted
by the soil type.

In the interface layer of soils covered with maize, gene copy numbers were neither im-
pacted by the soil type nor the incubation time and leveled off between 1 * 10° and
2 * 107 copies g~ ! soil until T3 (Fig. 25A). In contrast, numbers of total bacteria dra-
matically increased two weeks after the start of the experiment in the interface layer of
pea covered microcosms (Fig. 25B). Here, copy numbers reached up to 3 * 10° genes
g1 soil. In the following six weeks (until T2) of incubation, abundances dropped about
almost two orders of magnitude and subsequently changed only slightly until T3. In the
bulk soil compartments, gene quantities fluctuated throughout the incubation, but did

not exceed 1 * 107 copies g~*

soil. Interestingly, neither the soil nor the litter type im-
pacted abundances of rpoB and an influence of the incubation time was only monitored

in silty soil microcosms covered with pea litter (P < 0.05).
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5.3 Gradient formation of alkB in differently pre-aged artificial
soils (E2)

To elucidate the dynamic of alkB during the formation of organo-mineral complexes and
consequently the genesis of BGI's, artificially prepared soils were used. These mixtures
contained particles with different sizes to simulate natural soils with various textures
(see Table 4). Prior incubation experiments with litter material were accomplished,
mixtures were pre-incubated for three and twelve months without additional nutrient
source. In the following section, the dynamic of alkB in two different soil compartments

during the maturation of the artificial soils is demonstrated.

Initial amounts of alkB in three and twelve months matured soils

Before the artificial soils with different ages were incubated with litter material of wheat,
initial amounts of alkB were detected. Like demonstrated in Figure 26, comparable
gene copy numbers were found in the different mixtures, which were pre-aged for three
months. Here, copy numbers ranged from 2 * 10° to 8 * 10° copies, but did not exceed
1 * 107 copies g~! dry soil. Conversely, abundances of alkB were significantly (P < 0.05)
reduced in most twelve months pre-aged soils, independent from the soil composition.
Monitored gene abundances in these soils ranged between 1 * 10* and 8 * 10° copies g *

soil.

alkB gene copies * g™! (dw)

I I 111 v \% VI vl VIl

Fig. 26: Amounts of alkB genes in differently aged artificial soils at TO

Quantification of alkB genes in different three (black bars) and twelve (open bars) month pre-aged artificial soils (roman
numerals) was done before incubation with litter material was started (T0). Note that at TO no compartments were
developed. Error bars denote standard deviation (n = 3). Significant differences (P < 0.05) are indicated by different
small letters.
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In the soils containing charcoal and montmorillonite (soil V), no significant differences
between three and twelve month old mixtures were monitored (P = 0.206). Here, copy
numbers of alkB in twelve month old soils reached almost 1 * 10% and were consequently

comparable to the results found in the younger ones.

Amounts of alkB after the incubation with litter material for two weeks

After the addition of wheat litter material and subsequent incubation for two weeks, a
differentiation of the bulk soil into distinct compartments has been expected. Therefore
the uppermost soil layer, representing the litter-soil interface, as well as the bulk soil
10 mm below were sampled. Figure 27 summarizes the gene copy numbers of alkB in
the respective compartments. Congruently to the initial abundances, copy numbers in
three and twelve months old mixtures differed in general up to two orders of magnitude
in both compartments (P < 0.01). In the interface layer of mixtures with both ages, a
significant (P < 0.05) increase of alkB genes copies was monitored after the incubation
with litter material. Although the elevation of copy numbers was independent from
the mixture composition, abundances and increasing intensities were fluctuating. For
instance, in three month pre-aged mixtures the amount of gene copies increased about
one order of magnitude in most cases and reached up to 1.5 * 10® copies g~! soil (dw).
On the contrary, abundance of alkB in twelve month old mixtures was in general two

orders of magnitude higher, resulting in copy numbers between 1 * 10% and 8 * 10°.

10° 1 1077

ab

- . a -

g g

"o c Tw

* C *

g g

o [}

g g
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IV V. VI VI VI I nm m IV VvV VI VI VI

Fig. 27: Quantities of alkB genes in interface and bulk soil compartments of divers mixtures at T1

After the incubation of the different soil mixtures with litter of wheat for two weeks (T1), abundances of alkB genes
were quantified in the interface (A) and bulk soil (B) layer of three (black bars) and twelve (open bars) month pre-aged
artificial soil mixtures (roman numerals). Error bars denote standard deviation (n = 3). Significant differences (P < 0.05)
are indicated by different small letters.
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The increase of copy numbers after the litter application was attenuated in the bulk soil
layer of respective microcosms (Fig. 27B). Here, quantities leveled off around 1 * 107
and 5 * 10° gene copies in three and twelve months old mixtures respectively. Anyhow,
comparable amounts of alkB were detected at TO and T1 in three month old mixtures.
Remarkably, gene copy numbers in twelve month old mixtures were 4 - 30 timer higher
after the litter amendment than found at the beginning of the incubation.

Besides, during the degradation of litter material, a clear and significant (P < 0.05)
alkB gradient was monitored from the interface layer to the bulk soil compartments
in all artificial mixtures of both ages. In addition, whereas the abundance of alkB was
significantly (P < 0.05) impacted by the composition in three months pre-aged mixtures,

no significant influence was observed in the mixtures aged for twelve month.

Calculation of T1/TO0 to determine the response to litter supply

During pre-aging the soil mixtures, interactions of microbes and soil particles might have
been developed leading to organo-mineral complexes. In dependency of the minerals used
as additives in this experiment, developed microbial communities might differentially
deal with the reapplication of nutrients. In order to illustrate and examine the increase in
the microbial biomass of alkB-harbouring alkane degraders in response to the incubation
with plant litter material, ratios of T1/ T0 were individually calculated for the different

mixture types and ages.
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Fig. 28: Ratio of T1/ TO to illustrate the increase of alkB genes after litter amendment

The increase of alkB gene copies from the beginning (T0) to the end of incubation with wheat litter after two weeks (T1)
is represented by the ratios of T1/ TO in three (black bars) and twelve (open bars) months aged soils at the litter-soil
interface (A) and bulk soil (B). Error bars denote standard deviation (n = 3). Significant differences (P < 0.05) are
indicated by different small letters.
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As demonstrated in Figure 28, comparable dynamics of the microbial response were
monitored in the interface and bulk soil layers of the different mixtures. Despite this,
differences between the individual soil mixtures occured. In detail, the ratios of T1/
TO from three and twelve month pre-aged soils were comparable in mixtures composing
only one reactive compound (mixtures I and II).

Contrarily, remarkable differences between "younger" (three month) and "older" (twelve
month) soils could be found in more complex mixtures (mixtures ITI-VIII) . Here, ratios
of twelve month pre-aged soils exceeded those from three month pre-aged soils about
one to two orders of magnitude. However, in the mixtures of the respective ages, ratios
fluctuated but were not impacted by the composition. Furthermore, despite the discrep-
ancies between three and twelve month pre-aged mixtures, a significant impact of the
maturing time was only found in the interface layer of mixtures IV and VI as well as

the bulk soil of mixtures V and VI (P < 0.05 in both cases).
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5.4 Dynamic of alkB and 16S rRNA in MCPA amended soils
(E3)

In this experiment, a gradient formation of total bacteria as well as alkB genes was mon-
itored by trend from the litter-soil interface (0-3 mm) towards deeper bulk soil layers
(3-6, 6-9 mm). This gradient formation was neither influenced by the incubation time
nor the treatment type as reflected by ANOVA-analyses. Despite this, soil depths’ de-
pendent differences (compartment type) in the abundances of total and alkB-harbouring
bacteria were only found in control soils (P < 0.05).

However, as summarized in detail in Figure 29A and B, a constant and comparable
increase within three weeks of incubation was monitored in the interface layers of both
treated soils. Copy numbers reached thereby almost 1 * 10° genes g=! dry soil. In water
amended soils, quantities dropped after six weeks of incubation to the initial amount
of 7 * 10* genes (Fig. 29A), whereas a stabilized rise occurred in the MCPA treated
microcosms (Fig. 29B). With escalating distance to the litter-soil interface, abundances
declined incessantly in water treated soils, further promoting the gradient formation.
On the contrary, amounts of alkB changed only slightly during the same time in MCPA
spiked soils and reduced, if at all, in the deepest analysed compartment (6-9 mm) at the
end of the experiment (T3). To evaluate if changes in the alkB copy numbers were the
result of the litter derived alkanes and the specific soil treatment only, abundances of
total bacteria were also analysed. As expected, copy numbers of 16S rRNA genes were
three to four orders of magnitude higher than abundances of alkB and ranged around

! soil. In the interface layer of water and MCPA spiked soils, dynamics

2 * 108 gene g~
of 16S rRNA genes were highly comparable to those found for alkB. As demonstrated in
Figure 29C - D, constantly increasing quantities in soils of both treatment types were
detected within the first three weeks of incubation. At the end of the experiment after
six weeks, gene copies slightly decreased in soils which have been spiked with water. In
contrast, abundance of 16S TRNA further increased at the same time up to 8 * 10® copies
in soils spiked with MCPA. In the deeper soil compartments (3-6, 6-9 mm) dynamics
of total bacteria were slightly different between water and MCPA-treated soils. For in-
stance, no or only slight changes in the abundance of total bacteria were observed in soils
which have been spiked with water (Fig. 29C), where gene abundances leveled off around
4 * 10® copies g~ ! soil. Conversely, a constant but only slight increase in the amounts of
16S rRNA was observed until T2 in the same compartments of microcosms incubated

with MCPA (Fig. 29D). With ongoing incubation, total bacteria were slightly reduced

in these microcosms at the end of the incubation after six weeks.
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Fig. 29: Abundance of alkB and 16S rRNA genes during soil incubation with MCPA (E3)

The abundances of alkB (A, B) and 16S rRNA genes (C, D) were measured during the incubation of control (A, C) and
MCPA spiked (B, D) soils at the beginning (T0) and after one (T1), three (T2) and six (T3) weeks of incubation. Error
bars indicate standard deviations (n = 4). Significant temporal differences in the individual soil compartments (P < 0.05)
are indicated by different small letters.
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5.5 Overexpression of AlkB and production of anti-AlkB anti-
bodies

5.5.1 Test of different incubation temperatures

Overnight cultures were used to inoculate two aliquots of fresh LB medium which were
subsequently incubated at 30 °C until a ODs550,,,,, of 0.6-0.7 was reached. After this, the
expression of recombinant AlkB was induced by the addition of 200 ng mL~! AHT and
0.1% (w/v) glucose followed by a prolonged incubation for additionally four hours at
20 °C and 30 °C respectively. During incubation, samples for monitoring the expression
of alkB and subsequent synthesis of the respective enzyme, were taken hourly and anal-
ysed by gel electrophoresis of PCR products from alkB ¢cDNA and 1D-SDS-PAGE as
well. As shown in Figure 30C, expression of alkB reached its maximum at 20 °C already
one hour after the application of the inducer (AHT).

With ongoing incubation, expression rates decreased and completely stopped four hours
after induction. Contrarily, in cultivations done at 30 °C, expression rates were the
highest three hours after induction but kept stable during ongoing incubation. De-
spite these differences, newly synthesized AlkB was detected one hour after induction
at both temperatures. Interestingly, although expression rates were remarkably differ-
ent between the two cultivation temperatures, synthesis of AlkB did not change with
prolonged incubation and was additionally comparable for 20 °C and 30 °C (Fig. 30B,
C).
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M TO T1 T2 T3 T4 TO TT T2 T3 T4
20°C +0.1% Gle 30°C +0.1% Glc

50.0
40.0

kDa

50.0
40.0

25.0

Fig. 30: Test of different incubation temperatures

The expression (A) of alkB and the consequent synthesis of the respective protein (B, C) was analysed during a four
hour incubation at 20 °C (B) and 30 °C (C) by using gel electrophoresis and 1D-SDS-PAGE. Samples of amplified alkB
cDNA as well as whole cell proteins were taken before (T0) and up to 4 hours (T1-T4) after induction of E. coli W3110
with AHT. The position of newly synthesized AlkB protein is indicated by an arrow.
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5.5.2 Evaluation of the best cell densities for optimal induction

As the overexpression of membrane proteins is less sufficient as known for cytoplasmatic
proteins, the yield of AIkB at moderate cell densities was very low. Therefore, it was
tested if induction at higher cell densities would result in higher concentrations of AlkB
per se. Cells of E. coli were grown at 37 °C and induction was accomplished by the
application of AHT at late log-phase (ODs50,.,,, = 0.8), early stationary-phase (ODss505m
= 1.7) and late stationary-phase (ODs505m = 2.9). Sampling for qualitative 1D-SDS-
PAGE was done two hours after induction respectively. Due to the high cell densities,
disruption was done using FrenchPress (2x 1000 bar) since sonication was found to be
unsuitable. The results presented in Figure 31 clearly demonstrate that despite an effect
of the induction on the cell growth was monitored, an overexpression of AlkB neither
occurred at the late log-phase nor the stationary phase. Subsequently, the overexpression
of AlkB was induced at an optical density (550 nm) between 0.5-0.6 in the incubations

used for large scale protein synthesis.
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Fig. 31: Test of induction at different cell densities (ODs50nm)
A) Growth of cells with induction of AlkB expression at the late log-phase (Ind. 1), the early-stationary phase (Ind.
2) and the late-stationary phase (Ind. 3). B) Synthesis of AlkB was monitored using 1D-SDS-Page of samples from
non-induced cells (CO1-CO3) and cells 2h after induction (T2.1-T2.3).
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5.5.3 Test of diverse cultivation media

Since overexpression of a protein in fast growing host strains can lead to the forma-
tion of inclusion bodies (not secreted misfolded proteins) and consequently low protein
yield, growth and expression under different nutrition levels was tested. Therefore, an
eutrophic (LB) and two nutrition-poor media (1/5 LB, R2A) were used, facilitating fast
growth with high overexpression rate or slow growth with moderate protein expression
respectively. The induction was set at a ODs50,,,, — 0.4-0.75 of cell cultures grown at
30 °C. This test was only done to monitor the bacterial growth after induction. The
results, presented in Figure 32, clearly show that growth stopped after addition of AHT
in LB and 1/5 LB media, whereas the supply with inducer had no influence on the
growth in R2A medium. Nevertheless, the highest cell numbers were reached with LB

medium after Bertani [23].
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Fig. 32: Test of diverse cultivation media
Growth of E. coli W3110 in three different media with changing nutrition levels at 30 °C. Induction (Ind.) was done at
optical densities between 0.4-0.75 (ODs50nm )

78



Results

5.5.4 Test of detergents as additives for effective cell disruption

By using the pASK-IBAG6C expression vector, the recombinant proteins should be se-
creted into periplasm after synthesis. Unfortunately, no isolation of target protein was
accomplished by forming spheroplasts or with isolation of the whole intracellular pro-
teome (data not shown). Since six transmembrane domains were reported for AlkB,
the protein could have been incorporated into the plasma membrane. To test this,
ionic (SDS) and non-ionic (Triton® X-100) detergents were used to isolate membrane
bound as well as membrane associated proteins. The extraction efficiency was tested
by using these detergents in combination with sonication or pressure for cell disruption
respectively. The results clearly demonstrate that no improvement of AlkB isolation was
reached by using Triton® X-100, whereas the use of SDS was successful as summarized in
Figure 33. Since no differences between the two cell disruption methods were monitored,

sonication was used for large scale isolation of proteins due to reasons of feasibility.

A

Fig. 33: Test of effective extraction of membrane proteins

1D-SDS-PAGE of membrane proteins from control cells (CO) and 2h after induction (T1). Protein extraction was done
with sonication and the addition of Triton® X-100 (A) or 1.5% SDS (B) respectively. No differences in cell disruption
efficiency were monitored during sonication (So) or FrenchPress (FP) with 1.5% SDS as additive (C). The presence of
AlkB is indicated by an arrow.
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5.5.5 Purification of AlkB with affinity columns

For the purification of overexpressed AlkB from whole cell protein extracts, a system
was used where theoretically only proteins with a StrepTag would bind to the column
matrix. Although a cultivation medium with low concentration of free biotin was used
and cells of the host strain E. coli W3110 were known to have only limited amounts of
biotinylated proteins, several contaminations have been observed after elution of AlkB
from the column as demonstrated in Figure 34. Since all efforts done to get rid of
the contaminants (e.g. increased ionic strength, blocking of biotin and biotinylated
proteins with avidin) failed, the raw elution fractions could not be used and had to be
further processed. For this, elution fractions E1-E5 have been pooled and loaded on
a preparative PAA-gel. After electrophoretic separation of the proteins, the respective

band representing AlkB was cut from the gel and used for the immunization of rabbits.

M W1 W2 EI E2 E3 E4 E5 E6 M

Fig. 34: Contaminants after column purification

Several contaminants were monitored after the purification of whole cell proteins with a StrepTactin column. With 1D-
SDS-PAGE the purity of two wash steps (W1-W2) and all elution fractions (E1-E6) was tested. Presence of AlkB is
indicated (arrow) and was additionally confirmed by mass spectrometry.
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5.5.6 Test of antisera from different immunization stages

Four months after the first subcutaneous injection of the gel slices, aliquots of rabbit
anti-sera were sampled, to analyse them for the occurrence of anti-AlkB immunoglob-
ulins (Ig). As shown in Figure 35A, low amounts of anti-AlkB Igs could be detected
already after 120 days when whole cell protein extracts of induced cultures were com-
pared to the respective extracts of non-induced cells. Since AlkB was overexpressed
in strains of F.coli, gained antisera also included antibodies against non specific target
proteins. Subsequently, biased signals would be retrieved during the in situ detection of
the alkane monooxygenase protein AlkB in environmental samples. To overcome this,
immunization was prolonged to increase the specific amounts of anti-AlkB Igs. Antisera
with high content of the respective antibodies could be used in high dilutions resulting
in a decrease of unspecific binding. Therefore, samples taken after 180, 210 and finally
240 days were also tested for anti-AlkB by using elution fractions E2 and E3. Detected
signals were related to Western Blot analyses using pre-immune sera. Unfortunately,
signal intensities of proposed AlkB did not increase compared to the signals of unspe-
cific target proteins (Fig. 35B, C). Furthermore, intensities decreased in some cases

indicating decreasing amounts of anti-AlkB antibodies.
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M  E2 E3

pre-immune  180. day 210. day
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pre-immune 210. day 240. day

Fig. 35: Test of different immunization stages using Western Blots

The sensitivity of polyclonal anti-AlkB immunoglobulins was tested either by using whole cell proteins (CP) of induced
(Ind.) and non-induced (CO) E.coli W3110 cells (A) or by using elution fractions (E2, E3) after affinity column purification
(B, C). For tests using the elution fractions pre-immune sera were used as negative controls. Arrows indicate AlkB protein.
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6 Discussion

Aliphatic hydrocarbons are highly abundant and ubiquitously distributed in the environ-
ment as a consequence of geochemical or anthropogenic activities. Due to the immense
ecological and economical relevance, most studies focused on the bioremediation of hy-
drocarbons via the AlkB degradative pathway by analyzing artificially contaminated
soils. For example, Alvarez et al. |[7] examined the diversity of alkB in petroleum-
contaminated soils from Brazil. In other studies, antarctic soils polluted with diesel
oil or fuel were used to examine the abundance and diversity of alkB in environmental
samples [166; 165; 246]. Furthermore, in experiments done by Margesin et al. [138] and
Pérez de Mora et al. [169] the dynamic of alkB genes in alpine and forest soils was
detected in relation to increasing amounts of total hydrocarbons (TH) with up to 35
g TH * kg~! soil. Despite many efforts have been done in the last decades to analyse
and optimize the bioremediation of hydrocarbons in soils, degradation of alkanes from
natural sources was studied only marginally. Kloos et al. [107] were among the first
who monitored high copy numbers of alkB in agricultural and forest soils that have
not been artificially contaminated. Consequently, they proposed that the abundance of
alkB was related to alkanes originated from decaying organic material like plant litter.
In addition, in the analyses reported above, no attention on the microscale has been
payed, as samples were destructively taken in most cases without maintaining the soil
microhabitats. The present thesis links the dynamic of alkB genes and transcripts at
distinct microhabitats with the degradation of plant litter material. Therefore not only
the processes in the litter layer but also in different soil compartments were analysed in

the course of time.

6.1 Decay of plant material and dynamic of alkB in the detri-

tusphere and different soil compartments

During the first weeks of litter decay, easy degradable and water soluble compounds (e.g.
amino acids, sugars, proteins) become congruently metabolized or transported into ad-
jacent soil layers via leaching processes [116]. As a result, high losses of plant mass can
be observed at this time. With ongoing incubation, litter quality changes with increas-
ing concentrations of more recalcitrant substrates (e.g. lignin). As decomposition of
these substrates is much complex, degradation rates become attenuated [72; 248]. Such
two-step degradation of litter material was also observed in the present study. Here, the

degradation of pea litter was significantly higher than detected for maize. This finding

83



Discussion

might be explained by the remarkable discrepancies in the carbon to nitrogen ratios
(C/N = 30 for maize [93], C/N = 12 - 16 for pea [131]), as nitrogen was found to be a
driving factor for sufficient decomposition [59; 150; 224]. Moreover, by using mass spec-
trometry analyses of the litter types used in this Ph.D. thesis, differences in the alkane
quality and quantity between the two plants were detected (Publication III). These
findings support data of earlier studies, where significant higher wax alkane fractions
were found in pea compared to maize [14; 66]. Nevertheless, amounts of alkanes are not
only correlated to the genotype, but also impacted by the phenotype of the plant. As
demonstrated for leaves of tree tobacco [27], accumulation of cuticular waxes and the
corresponding amounts of alkanes was increased in response to environmental stresses
like drought events. As a result of varying phytomorphologic conditions, the release of
n-alkanes during the litter decay might be different and consequently influencing the
abundance and activity of alkB-harbouring bacteria. Conversely, the dynamic of these
bacteria might not be related to the degradation of alkanes only, as their amounts in the
litter material were to low (Publication III). Therefore, the use of other litter derived
easy degradable compounds [9; 163], released in higher amounts in pea litter, as well as
co-metabolic degradation must be postulated, which is further supported by the general
growth of total bacteria (rpoB genes). Despite this, succession of the bacterial com-
munity by epiphytic fungi, already present on the fresh litter [89], must be considered
also. In consequence of potential antimycotic agents found in pea [40], growth of these
fungi could be hampered in pea compared to maize litter, leading to increased bacterial
growth.

Since n-alkanes are a major part of cuticulary waxes, they become released during the
decomposition of plant litter material and subsequently enter the soil with the water flow.
In response to the rising availability of nutrients, microbial activities in the detritusphere
increase. Beare et al. [21] reported on a general progression of microbial biomass in a
spatial and temporal manner, as a result of plant litter decay. The subsequent dispersion
of released alkanes is thereby extremely linked to the chain length and the soil compo-
sition. For example, Leythaeuser and Schae [123] demonstrated decreasing mobility of
light alkanes with increasing chain length, as a result of decreasing dissolving abilities in
liquids. Furthermore, interactions of n-alkanes and soil compounds were identified as key
players in their bioavailability. For instance, chain length dependent adsorption to soil
organic matter (SOM) and clay minerals as well as the diffusion into smaller soil pores,
inaccessible for microbes, were both demonstrated in several studies [24; 137; 176]. As

a result, the macro-porosity of sandy soils in opposite to the micro-porosity of silty soils
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might favor the alkane transport [11; 64]. Consequently, the activity and abundance of
alkB-harbouring bacteria is differently impacted in the two soils. Anyhow, Loser et al.
[130] reported on the ability of sand to restrain alkanes as well, which was supposed to
be the consequence of a micro-porous surface of the sand particles. Besides, humic acids
can act as reservoirs for aliphatic hydrocarbons and carboxylic acids (fatty acids) [102].
Alkanes introduced by plant residues before the incubation experiment started, could
have been persisting in arable soils. Consequently, the microbial community might be
impacted during the incubation experiment. In addition, this phenomenon could be
more pronounced in silty than in sandy soils [189; 193] as a result of higher clay min-
eral contents. Interestingly these hypotheses are underlined by the detected dynamic
of alkB genes in the control microcosms which were not incubated with litter mate-
rial. As a result of the mentioned factors impacting the bioavailability of alkanes, hot
spots of microbial activities occur, which have been pointed out to be highly important
for the mineralization of litter derived compounds [63; 162|. However, the quantifica-
tion of alkB in the litter-soil-interface compartment further support the hypothesis of
a soil texture induced alkane sequestration. For instance, due to the properties of silty
soil, alkanes were not removed by leaching processes leading to increased copy num-
bers of alkB. Conversely, alkane losses due to leaching resulted in constant amounts of
alkB in the same compartment in sandy soils. Despite gene abundances kept constant
or increased only slightly during the incubation, alkane concentrations decreased con-
stantly (Publication III). Furthermore, the specific induction was reduced by trend in
the same time in some compartments, indicating an attenuated gene expression. These
findings might be explained by isochronic expression of alkB paralogues genes, which are
expressed in dependence of the alkane chain length and the growth state of the cells re-
spectively. For example, Tani et al. [216| reported on two alkane monooxygenase genes in
Acinetobacter sp. M-1 which were differently expressed either by growth on medium-
(Cyg - Cyy) or long-chained alkanes (> C.,,), respectively. Furthermore, expression of
alkB2 from P. aeruginosa was highest during the early exponential phase, whereas alkB1
was induced at the late exponential phase [141]. Beside this, the results could also point
to alkane degradative systems relying on other catalytic enzymes including cytochromes
P450 (CYP153, CYP52) [90; 235], AlmA [223]|, AlmA-related enzymes [134] as well as
LadA [57]. Furthermore, it is considerable, that alkane derivates like fatty acids, alka-
nols and long-chained aldehydes, derived from metabolic pathways occurring in these
systems, might be further metabolized by alkB-harbouring bacteria without using this
gene (Fig. 7).
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Anyhow, independent of the soil type, significant lower quantities of alkB were found
in the soil compartments, compared to the litter layer. Beside the remarkable higher
amounts of available nutrients in that layer, different community structures of alkB-
harbouring bacteria in litter and soil compartments might lead to varying quantities.
For example, as alkB can occur in up to five gene copies [240], increased quantities would
be detected in communities including strains harbouring multiple alkB gene copies. As
shown in Publication III, significantly different alkB-harbouring communities were de-
tected in litter and soil compartments. Congruently, differences in the gene copy numbers
of alkB in the litter-soil-interface layer of sandy and silty soil microcosms might also be
the result of alternating communities. Interestingly, the respective layers shared more
similarity with each other than to the corresponding bulk soil compartments. This fur-
ther supports the hypothesis of the soil type dependent bioavailability of alkane in that
compartment. In addition, co-metabolization of alkanes and other nutrients in litter
type dependent amounts might also occur. In consequence of higher nitrogen amounts
in pea litter, alkane degradation could be more effective leading to increasing amounts
of alkB-harbouring bacteria. Nevertheless, no or only slight differences between the
compartments of the individual soil microcosms were found on the expression level. It
is therefore reasonable that other compounds than litter derived alkanes and the corre-
sponding interaction with soil particles (e.g. minerals, organic matter) might play a role.
For example, water soluble nutrients or electron receptors might influence the activity of
alkB-harbouring alkane degraders rather than the compartment type. Furthermore, in
most cases comparable tendencies in the specific induction of alkB were found between

the different soil types, further supporting the impact of other factors.

6.2 Abundance of alkB-harbouring bacteria in different com-

partments of MCPA spiked soils

Herbicides like MCPA frequently reach the soils by getting washed from the leaves dur-
ing rain fall or irrigation. Furthermore, the chemicals can enter the detritusphere, when
litter material is introduced to it by the activity of soil eukaryotes (e.g. earthworms) or
by tillage. Despite many studies focusing on the fate of MCPA in the environment were
accomplished in the last decades (e.g. [39; 82; 128; 227]), knowledge about the impact
on distinct functional bacteria is still rudimental. Tejada et al. [220] reported that
MCPA is a potential inhibitor for the activity of telluric enzymes. Contrary, no negative
effect on the soil microbial community was monitored, even after excessive application

[8; 45; 244; 266; 220|. Nevertheless, it is considerable that the alkane monooxygenase
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AlkB could also be hampered by this herbicide. MCPA, which is an acid anionic herbi-
cide, can potentially adsorb to minerals in dependency of the soil pH (e.g. [46; 222|) or
the soil organic matter content (e.g. [22; 73; 74]). Consequently, abundance of MCPA
might be heterogeneous in the soil matrix, with comparatively high amounts in the
litter-soil-interface layer and lower concentrations in bulk soil. Therefore, the influence
of MCPA on alkB-harbouring bacteria in different soil depths was analysed.

The present study could not reveal a significant impact of MCPA on the abundance
of alkB genes. Comparable trends in the dynamic of alkB-harbouring bacteria were
monitored in all soil compartments of water and MCPA amended microcosms. In the
litter-soil-interface layer, increasing amounts of alkB were congruent to copy numbers
of 16S rRNA suggesting that easy degradable compounds (e.g. glucose, amino acids)
rather than litter derived alkanes might be the driving factors for bacterial growth. The
dynamic of alkB revealed comparable tendencies to the dynamic of alkB-harbouring
bacteria found in experiment 1. Although completely different time points were sam-
pled and various plant litter was used in both experiments (maize and pea in E1, wheat
in E3), an increase in the abundance of alkB in the litter-soil interface layer during the
incubation was observed. Conversely, dynamics differed in the bulk soil layers. Further-
more, gene copy numbers were about three orders of magnitude lower in E3, despite the
same soil type was used in both experiments. As reviewed by Bardgett et al. [17], soil
microbial community structures seasonally change depending on the nutrient availabil-
ity. For example, bacteria dominate microbial biomass in autumn, whereas fungi are
more pronounced in winter. Consequently, preparation of soil samples for the incubation
experiments at different seasons (e.g. autumn in case of E1 and winter in case of E3
respectively) might explain variations in the copy numbers.

However, the data of the present thesis revealed a direct influence of the herbicide on the
amount of total bacteria. The slight increase of 16S rRNA in the bulk soil layers (3 - 6
mm, 6 - 9 mm) of MPCA amended microcosms, could point to the promotion of MCPA
degrading bacteria. In addition, Publication IV could demonstrate the complete dis-
persal of the herbicide within six weeks after application, which further supports this
theory. Besides, a stimulation of MCPA degraders in these compartments could also be
accomplished by water soluble biostimulants derived from the decaying litter material
[164; 220]. In contrast to this, recent studies [82; 164| proposed that the observed ten-
dency could be the result of MCPA loss via leaching processes or adsorption to minerals
and organic matter. Nevertheless, by high resolution quantification of 16S rRNA genes

in microcosms covered with maize, Poll et al. [164] demonstrated a steep gradient for-
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mation of total bacteria with the source at the litter-soil interface and the sink in deeper
bulk soil layers. Conversely, the present thesis revealed only slight changes in the abun-
dance of total bacteria in the different soil compartments. On the one hand, this could
be the consequence of a low resolution due to methodical limitations. On the other hand,
discrepancies could also be the result of different C:N ratios as various plant litter types
were used. In the present thesis pea litter was used, which has a higher nitrogen content
compared to maize. Consequently, leaching nitrogen might result in an improved supply
in the soil compartments, leading to elevated bacterial growth. Furthermore, soil fungi
in the detritusphere might play in important role in the translocation of bacteria. For
instance, in a study of Wong and Griffin [258| bacterial movement along the hyphae of
dead fungi was demonstrated. Moreover, several studies revealed the active transloca-
tion of bacteria in the water films coating the hyphae of proliferating fungi [122; 253|.
Anyhow, the differences in the relative distributions of short- and long-chained alkanes
monitored in water and MCPA amended soils suggest slight changes in the community
structure of alkane degrading microorganisms. In MCPA contaminated soils alkane de-
grading systems other than the AlkB-related pathways (e.g. Cyp153, Cyp52) could be
privileged. Temporal shifts in the bacterial community structure, which were induced
by the addition of MCPA, were demonstrated earlier by Vieublé Gonod et al. [244].
Furthermore, as a consequence of an impeded enzymatic activity of AlkB as shown
for authochthonous laccases and glutamine-dehydrogenases [161; 187|, response to litter

derived alkanes could be delayed.

6.3 Dynamic of alkB in artificial soils

During litter decay, easy degradable compounds as well as alkanes are released into the
detritusphere. By entering the soil, these compounds differentially interact with clay
minerals leading to alternating bioavailabilities. In consequence of this interaction, dis-
tribution of substrates in the soil matrix as well as abundances of microbial consumers
is very heterogeneous.

However, due to their hydrophilic surface, clay minerals are supposed to be ineffective
sorbents for adsorbing organic compounds like hydrocarbons [104; 171]. In fact, sev-
eral studies focusing on the clay minerals montmorillonite and illite were done, report-
ing on sufficient adsorption of aromatic hydrocarbons like toluene, xylene or benzene
[125; 124; 151]. On the contrary, no interaction between aliphatic hydrocarbons and
montmorillonite was monitored in earlier studies. For instance, MacEwan [133]| found

no adsorption of n-hexane and n-heptane, even when boiling the mineral in these liquids.
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Furthermore, Barshad [18] supposed these findings to be the result of the non-polar na-
ture of the minerals. Anyhow, the results of the present experiment clearly demonstrated
a gradient formation in the soils of both ages. The highest abundances of alkB genes
were monitored in the litter-soil-interface layers, whereas lower amounts were found in
the bulk soils. On the one hand, this could be a direct response of alkB-harbouring
bacteria to the release of litter derived alkanes as also indicated by the data from E1
and E3. On the other hand, retention of alkanes in natural soils is mediated by the
adsorption to soil organic matter (e.g. humic substances), which is drastically reduced
in the artificial soils. Since no binding of saturated hydrocarbons to clay minerals was
observed before, leaching of alkanes into deeper soil layers is considerable. Conversely,
persistence of hydrocarbons in the analysed soils could be impacted by weak van der
Waals forces. These forces mediate the temporal limited attraction between non-polar
molecules like alkanes. As physico-chemical analyses of different compounds like mont-
morillonite, illite and charcoal revealed surface areas between 100,000 and 800,000 m?
kg™t [55; 125; 148|, the van der Waals forces might be increased. In consequence weak
interactions between alkanes and these compounds could occur. However, no significant
differences between the mixtures were found indicating other factors than alkanes to
be the driving factor for bacterial performance. For example, the enhanced growths
of total bacterial after litter amendment might be the consequence of easy degradable
compounds. Interestingly, alkB gene copy numbers in the artificial soils were signifi-
cantly reduced compared to natural soils where amounts up to 5.5 * 10° copies ng~!
DNA were detected [107]. Due to the fact, that manure was supplied only once at
the beginning of pre-aging, nutrients might become depleted during the incubation. As
a result, microbial activity would be reduced after twelve months of pre-aging, where
microbial response to retreated nutrient supply (e.g. via litter application) would be
increased. Vice versa, due to the fact that residues of manure would be still available at
this time, the response to substrate addition after three months of pre-aging would be
attenuated as demonstrated by the T1/T0 ratios. Anyhow, decreasing microbial activ-
ity during pre-aging was confirmed by CO, respiration measurements frequently done
in parallel to the incubation [170]. Moreover, increased response to litter amendment in
the twelve month pre-aged soils could be the result of recombination processes also. As
demonstrated in several studies, clay minerals potentially act as reservoirs for free DNA
[67; 68; 155], facilitating spontaneous recombination of microbial cells [103; 129]. It is
therefore considerable, that non-alkane degraders could be transformed with released

alkB genes, contributing to the microbial alkane degrading community.
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6.4 Methodical consideration

In the present Ph.D. thesis quantities of genes and transcripts were compared. Since
the extraction of nucleic acids from environmental samples is challenging and influenced
by various factors (e.g. incomplete cell disruption [62], sorption of released nucleic acids
to minerals [114]), a successful isolation in sufficient amounts is neither guaranteed nor
reproducible. To reduce insufficient yields, DNA and RNA can either be extracted
separately by divers affinity column extraction kits or simultaneously by using a phenol-
chloroform extraction protocol after Griffiths et al. [69]. Interestingly, none of the
protocols mentioned above can effectively remove humic substances due to physico-
chemical properties being comparable to those of nucleic acids. These substances are
potential inhibitors for enzymatic downstream applications and were shown to i) inter-
fere with lytic enzymes [91], ii) bind DNA and Proteins in general [261] or iii) influence
the interaction of DNA polymerase and their targets [219]. However, to enhance compa-
rability of the abundances of genes and transcripts, co-extraction of DNA and RNA by
using phenol-chloroform was done in the present thesis. Hampering effects of eventually
remained inhibitors were reduced by the dilution of samples below the contaminant’s
minimum inhibitory concentration (MIC) during real-time PCR. For instance, several
studies demonstrated the MIC of humic substances in the range of 0.1 and 0.2 ng uL ™!
[112; 221]. Furthermore, additives like BSA can also reduce the hampering effects by
increasing the MIC of humic substances.

In the present study, serial dilutions of the samples and the addition of BSA to the
PCR reaction mixture were used. Furthermore, the efficiency of gene quantification by
real-time PCR is strongly dependent on i) the effective binding of the primers to the
template, ii) a sufficient denaturation of the target DNA and iii) high activity of the
DNA polymerase. Beside the use of degenerated primers, which have been improved by
the introduction of inosine nucleotides, magnesium chloride and BSA were added to the
PCR reaction mixtures (Publication II). As a result, amplification efficiencies could
be improved and increased up to 86%.

Anyhow, after data achievement a decision needed to be done, whether the results should
be related to i) one gram of soil, to ii) ng of isolated DNA or cDNA or to iii) copy numbers
of housekeeping genes like 16S rRNA or rpoB respectively. In the first case an increase
in abundances of genes and transcripts is directly linked to an elevated biomass and en-
hanced activity. On the contrary, linking data to extracted nucleic acids might lead to
an overestimation, as DNA and ¢cDNA which are not corresponding to certain bacterial

or fungal groups might be co-extracted (e.g. herbal DNA or DNA from small inverte-
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brates). In the latter case, amounts of target genes are related to different functional
groups, which can be challenging. As known from literature, numbers of 16S rRNA
operons can vary between the different bacterial taxa [3] leading to a total of one to 15
chromosomal copies [106]. In contrast, relation of the data to the abundance of the highly
conserved rpoB gene, could be an alternative as it occurs in single chromosomal copies
only [41]. In the present study data about the abundance of alkB genes and transcripts
were correlated to the amount of soil used for extraction. Analyses of the abundance
of total bacteria were dependent on the respective experiment and were either related
to 16S rRNA (E3) or rpoB (E1). Temporal shifts in the community structure from
r- to k-strategists and soil type dependent availability of nutrients and water, require
the analysis of a single copy gene (rpoB) when comparing two different soils (E1) with
each other. Conversely, in an experiment, where only different compartments within one
soil should be analysed during a short time (E3) incubation, the more frequently used

16S rRNA genes were the best standard.

6.5 Overexpression of AlkB and synthesis of polyclonal anti-
AlkB antibodies

Despite becoming a standard procedure in the most laboratories, large scale protein syn-
thesis is still challenging. Numerous factors like i) the codon usage of the host strain, ii)
the nutrient level of the cultivation medium and iii) the incubation temperature influence
the effectivity of protein production and secretion, particularly of membrane proteins
like AlkB. The protein production at non-physiological levels might lead thereby to a
stalled secretion, due to the limited capacity of the protein translocation machinery in
Escherichia coli (e.g Sec-dependent pathways) [183]. In consequence nascent proteins
are not formed correctly during the passage through the membrane, resulting in trun-
cated polypetides and inclusion bodies. Under those conditions, decreased yields might
be the consequence of a secretion stress induced protease activity. To overcome this,
incubation was done at 30 °C as a reduction of incubation temperatures was shown to
be beneficial (exemplarely [65; 195]), which was also indicated in the present study by a
constant growth rate after induction. By using E. coli strain W3110 the maximum syn-
thesis rate of AlkB was achieved already one hour after induction. Congruently, AlkB
amounts reached only around 4.5% of the total protein, which is in contradiction to the
10 - 15% reported in other studies where overexpression using the pGEc47-vector was
done [153; 157].

In order to simplify the purification of overexpressed AlkB, the protein was fused to

91



Discussion

the signal sequence of membrane protein OmpA, accomplishing its secretion into the
periplasm. The AlkB protein could not be isolated from the periplasm but was ex-
tractable from whole cell extracts by the use of sodium-dodecylsulfate (SDS), which
was confirmed by mass spectrometry analysis. As SDS facilitates the disintegration of
phospholipid layers, this finding might either indicate the formation of intracellular low-
density vesicles containing AlkB [153] or a stalled translocation of the protein due to
the six hydrophobic transmembrane domains (TMD) acting as molecular anchors. In
consequence, AlkB could be accumulated in the cell membranes of the host strains as
proposed earlier by Nieboer et al. [154].

However, large amounts of contaminating proteins with molecular weights between 25
and 100 kDa were monitored after the purification of whole cell extracts from E. coli.
On the one hand those contaminants could be co-isolated biotinylated proteins like the
biotin carboxyl carrier protein (BCCP), which is one of the subunits of the acetyl-CoA
carboxylase complex (ACC) [32]. This highly unstable complex could disintegrate dur-
ing gel electrophoresis with 0.1% SDS resulting in numerous bands of different molecular
weights (e.g. BCCP = 16.7 kDa, Carboxyltransferase = 35 kDa, Biotin Carboxylase
= 49.4 kDa). On the other hand, Ruettinger et al. [186] proposed that the alkane
monooxygenase itself (also known as w-hydroxylase) can occour in large complexes
with a molecular weight up to 2 * 10® kDa. In solutions with low SDS contents (e.g.
0.075% SDS as used during the load of the purification column) such complexes would
be intact but collapse into smaller subunits (e.g. up to 42 kDa) at higher amounts of
SDS as used in the 1D-SDS-PAGE-running buffer after Laemmli et al. [118].

Anyhow, neither the specific blocking of BCCP with avidin nor the disruption of bound
ACC by increased ionic strength, in order to get protein fractions below 40 kDa, were
successful.

In the present study, excised gel slices containing AlkB were used for the immuniza-
tion of rabbits. Due to the low protein yield, only minor contents could be used for
subcutaneous injection at once. The subsequent antisera, which where supposed to
contain anti-AlkB antibodies, were tested monthly with samples from non-induced and
induced cells. In the latter, bands were detected which were absent in non-induced cells
and might consequently indicate the production of low amounts of anti-AlkB antibodies
already 120 days after first injection. Despite the frequent injection of gel slices, increas-
ing amounts of anti-AlkB were not detected, as signal strength remained constant. In
addition, detected bands which were supposed to represent AlkB, offered higher molec-

ular weights as expected. Anyhow, during gel electrophoresis, proteins are separated
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by their molecular weight and not by their conformation. In this context, migration
of membrane proteins can be different from cytoplasmatic ones, as more SDS is bound
to the increased number of TMD’s. For instance, significant higher amounts of SDS
adsorbed to the transmembrane protein CP-B, from Rhodospirillum rubrum [149] com-
pared to cytoplasmatic proteins [175]. Furthermore, aggregation of highly hydrophobic
membrane associated proteins was observed when they were boiled in classical Laemmli
buffer [191]. This phenomenon was also reported earlier for lactose permease [245] and
bacteriorhodopsin [87]. As a result, a shifted protein migration during SDS-PAGE was
monitored. Hence, the exact determination of the molecular weight by using general
molecular size standards is hampered.

Regardless of the reported difficulties, Xie et al. [262] were recently able to isolate
large amounts of overexpressed AlkB from the phospholipid fraction of FE. coli strain
DE3. In their study, yields of approximately 1 mg of biological active AlkB were re-
ported, when disruption and solubilisation of the cytoplasmatic membrane was done
using 10 times the critical micillium concentration (CMC) of lauryldimethylamino ox-
ide (LDAO). This detergent showed no interference during the binding of strep-tagged
proteins to the Streptactin residues as monitored with 1.5% SDS (6.5 CMC). Conse-
quently, the new protocol might be suitable for the general isolation of high amounts
of membrane proteins. Nevertheless, other strategies for the production of mono- or
polyclonal anti-AlkB antibodies should be considered also. For instance, the in wvitro
synthesis of short AlkB peptides representing the interregional parts between the dif-
ferent transmembrane domains (refer to Figure 5) could be used for the production
of peptide antibodies. Since the extracellular located regions are to short to result
in sufficient polypetides, the use of the corresponding intracellular linkers might be
more successful. In order to get an suitable peptide sequence for immunization, AlkB1
(NP_251264.1) and AlkB2 (NP _250216.1), which both catalyze the initial step in the
degradation of middle-chained alkanes (C,—C,, and C;,—C,, respectively), were anal-
ysed in silico in the present Ph.D. thesis. Therefore, sequences of both proteins were
individually blasted against all microbial protein sequences available up to date at the
NCBI database. All amino acid sequences from fakultativ and obligate soil microorgan-
isms which showed a query coverage of >85% were subsequently blasted against each
other to find conserved regions. As a result, only a few conserved regions beside the
histidine motifs were found. A region directly located next to histdine motif four (HIS

4) revealed high convergence and was consequently chosen for the extraction of a con-

sensus sequence (ANPTRSYQALRHFDDAPQLP) as shown in Figure 36. To check for
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its specificity, the chosen sequence was blasted once more against all available microbial
AlkB proteins. As Table 12 summarizes, only alkane degrading bacteria using the AlkB-
related alkane degradation pathway were revealed. Interestingly, representatives from -,
-, y-proteobacteria, Actinobacteria as well as the Bacteroidetes/ Chlorobi-group and
thereby also inhabitants of marine environments were retrieved, which emphasises the

overall detection in different habitats.
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strain accession number (NCBI) e-value
Alcanivoraz borkumensis SK2° YP_ 694427.1 6 * 102
Acinetobacter sp. DR1 YP_ 003732938.1 1*1074
A. gunii SH205 ZP 06065934.1 8 * 1073
A. baumannii ATCC19606 ZP 05827357.1 8 * 1073
A. calcoaceticus RUH2202 ZP 06056754.1 8 * 1073
A. haemolyticus ATCC19194 ZP_ 06725872.1 8 * 1073
Burkholderia ubonensis Bu ZP 02380481.1 3 %1076
B. cenocepacia AU1054 YP_ 620386.1 3 %1076
B. multivorans ATCC17616 YP_001945311.1 3 %1076
B. ambifara AMMD YP_772734.1 7 %1076
B. pseudomallei 305 ZP 01764629.1 7 %1076
B. gladioloi BSR3 YP 004361423.1 6 *107°
Caulobacter sp. K31 YP 001672212.1 5% 1072
Conexibacter woesei DSM14684 YP 003397515.1 2 %1073
Microscilla marina ATCC23134" ZP 01689499.1 1 %1072
Mycobacterium sp. JDM601 YP 004525252.1 1*1072
Pseudomonas fluorescens Pf-5 YP 260041.1 9 * 1076
P. mendocina ymp YP 001188237.1 2 %1072
P. aeruginosa PAO1 ZP _06878434.1 3 %1072
Psychrobacter sp. PRwf-1 YP 001280943.1 2% 1072
Ralstonia sp. 5_7_ 4TFAA ZP_07673680.1 6 * 1074
R. pickettii 12] YP_ 001892637.1 6 *10°*
Rhodococcus erythropolis SK121 ZP 04388098.1 3%1073
R. opacus B4 YP_002776786.1 2 %1072
R. jostii RHA1 YP_ 702497.1 6 * 102
Runella slithyformis DSM19594 YP_ 004654946.1 3 %1072
Tsukamurella paurometabola DSM20162 YP 003647687.1 9 * 1073

Tab. 12: Specifity of AlkB polypeptide consensus sequence
Selection of strains with sequence homology to the polypeptide consensus sequence of AlkB for the production of polyclonal
anti-AlkB peptide antibodies. *) associated with marine environments
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7 Conclusion and Outlook

As a consequence of the interplay of different clay minerals and organic matter, soil ma-
trices comprise an extremely large surface area. In various soil compartments, microbial
turnover processes take place, which are dependent on the bioavailability of substrates
like litter derived n-alkanes. In dependency of their physico-chemical properties, inter-
action with clay particles might be different resulting in declining concentrations. Thus,
a gradient might be formed from the litter to deeper soil compartments, also impacting
the abundance of microbial alkane degraders. In the present thesis, gradients of alkB-
harbouring bacteria have been monitored in agricultural as well as artificially mixtured
soils mimicking natural habitats. In arable soils gene abundances were thereby depen-
dent on the soil type, as no gradient formation was observed in sandy soil microcosms.
Contrarily, experimental results of the artificial soils gave no hint for the impact of dis-
tinct soil minerals. Despite differences in the herbal alkane quantity and quality, no
impact of the litter type on the dynamic of alkB genes along the gradient was found
in natural or artificial soils. Nevertheless, litter quality slightly influenced the activity
of alkB-harbouring bacteria as demonstrated in experiment 1. However, the results in-
dicate other components (e.g. easy degradable compounds or electron acceptors) than
litter derived alkanes as the driving factors for the abundance of alkB genes and tran-
scripts at the different soil compartments.

In spite of the potential inhibitory effects of herbicides on the soil microbial community,

an impact of MCPA on alkB-harbouring bacteria was not found.

Since alkane degradation processes at the soil microscale are complex and still poorly un-
derstood, further analyses highlighting the microbial community structure and activity
need to be done. For instance, the dynamic of other alkane degraders (e.g. bacte-
ria and fungi harbouring cyp52 and cyp153 genes) in relation to the total bacterial
and fungal community would be interesting. The combination of FISH-techniques and
the use of antibodies against soil proteins could give insights about the distribution of
alkB-harbouring alkane degraders and the corresponding AlkB-proteins. Anyhow, the
adsorption of free DNA to clay minerals rises questions about the microbial evolution at
different soil compartments and the dispersal of alkane degrading ability. Consequently,
analyses including artificial soils with different clay minerals should be expanded. Fi-
nally, questions should be asked, whether similar results would be obtained with other
substrates with different physico-chemical properties (e.g. glucose, aromatic hydrocar-

bons).
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Chapter 4

MPN- and Real-Time-Based PCR Methods for the
Quantification of Alkane Monooxygenase Homologous
Genes (alkB) in Environmental Samples

Alfredo Pérez-de-Mora, Stephan Schulz, and Michael Schloter

Abstract

Hydrocarbons are major contaminants of soil ecosystems as a result of uncontrolled oil spills and wastes
disposal into the environment. Ecological risk assessment and remediation of affected sites is often con-
strained due o lack of suitable prognostic and diagnostic tools that provide information of abiotic=biotic
interactions occurring between contaminants and biological targets. Therefore, the identification and
quantification of genes involved in the degradation of hydrocarbons may play a crucial role for evaluating
the natural attenuation potential of contaminated sites and the development of successful bioremedi-
ation strategies. Besides other gene clusters, the alk operon has been identified as a major player for
alkane degradation in different soils. An oxygenase gene (alkB) codes for the initial step of the degra-
dation of aliphatic alkanes under aerobic conditions. In this work, we present an MPN- and a real-time
PCR method for the quantification of the bacterial gene alkB (coding for rubredoxin-dependent alkane
monooxygenase) in environmental samples. Both approaches enable a rapid culture-independent screen-
ing of the alkB gene in the environment, which can be used to assess the intrinsic natural attenuation
potential of a site or to follow up the on-going progress of bioremediation assays.

Key words: Most probable number-PCR, real time PCR, alkane monooxygenase homologous
genes.

1. Introduction

Aliphatic n-alkanes are saturated hydrocarbons present in crude
and refined oils. Although n-alkanes can be produced by plants
and microorganisms (e.g., waxes) (1,2), they are mainly released
into the environment by seepage from reservoirs or through
anthropogenic activities related to the extraction, transportation,

S.P. Cummings (ed.), Bioremediation, Methods in Molecular Biology 599,
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further processing, handling, and disposal of oil (3). Some algae
that degrade n-alkanes have been described; however, bacteria
and fungi are the most important groups capable of using long-
chain n-alkanes as a carbon and energy source (4). Bacterial degra-
dation of n-alkanes is possible under aerobic and anacrobic con-
ditions, although the former allows much faster rates of transfor-
mation (5).

During the past decades, research related to alkane degra-
dation has focused on the identification and characterization
of enzymes involved in the initial step of aerobic bacterial
catabolic pathways. Recently, two unrelated classes of enzymes
for long-chain #-alkane oxidaton have been proposed (6): (1)
Cytochrome-P450-related enzymes in both yeasts and bacteria,
e.g., bacrerial CYP153 enzymes, and (2) bacterial particulate
alkane hydroxylases (pAHs). The latter class of integral membrane
non-heme di-iron monooxygenases of the alkB-type catalyzes the
terminal or subterminal oxidation of #-alkanes to primary or sec-
ondary alcohols, which is the initial step in the aerobic degrada-
tion of n-alkanes (3). This enzyme allows a wide range of Pro-
teobacteria and Actinomycetales to grow on n-alkanes with car-
bon chain lengths from C5 to C16.

Most studies dealing with the detection of a/kB in microbial
communities to date are based on PCR methods using cultured
isolates (7, 8, 9). Due to the high diversity of alkB sequences
in bacteria from different taxonomic groups, analysis of environ-
mental samples required the use of multiple primer and probe sets
targeting the respective groups. In order to allow a specific and
sensitive detection of alkB genes in environmental samples with-
out discriminating any of the known bacterial groups harboring
this gene, a PCR hybridization method was described recently
(10). Based on this initial work, we present here an improved
MPN- and a real-time PCR methods, which allow rapid quan-
tification of alkB gene in numerous environmental samples. Fur-
thermore, the amplified products can be directly used for assessing
community diversity using fingerprinting or cloning techniques.

2. Materials

2.1. Cell Lysis and
Nucleic Acid
Extraction

1. FastDNA SPIN Kit for soil (MP Biomedicals, Heidelberg,
Germany)

2. PreCellys24 homogeniser (Peglab Biotechnologie GmbH,
Erlangen, Germany)

3. PreCellys ceramic kit 1.4 mm (Peqlab Biotechnologie
GmbH, Erlangen, Germany)




2.2. MPN-PCR
Amplification of alkB

2.3. Real-Time PCR
Amplification of alkB
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1. Autoclaved MiliQ water (see Note 1).

[S9]

10.

11.

. 3% bovine serum albumin solution. After sterilization by

filtration (22 wm) store in aliquots at —20°C (see Note 1).

. dNTPs (Fermentas GmbH, St. Leon-Rot, Germany)
. Taq polymerase (5 U/pL) (Invitrogen, Carlsbad, CA,

USA).

. 10x buffer provided with Taq polymerase.
. MgCl; (50 mM) provided with Taq polymerase or self pre-

pared (in this case see Note 1).

. Degenerate PCR primer (10) (Metabion, Martinsried, Ger-

many)

. alkB-forward (5'AAY ACI GCI CAY GAR CTI GGI CAY

AA 3

. alkB-reverse (5" GCR TGR TGR TCI GAR TGI CGY

TG 3')

Template DNA (see Note 2). Dilutions of template DNA
should be prepared directly before use (see Note 3). We
recommend the use of freshly prepared dilutions for every
new PCR reaction.

Thermocycler (T3 Thermocycler, Biometra, Goettingen,
Germany)

. 3% bovine serum albumin solution. After sterilization by

filtration store in aliquots at —20°C. Use filters with 22 um
pore size (see Note 1).

. MgCl; solution (50 mM) (see Note 1).

3. Power SYBR® Green PCR Master Mix (Applied Biosys-

tems, Foster City, CA, USA). Store Master Mix in single-
use aliquots at 28°C for short-term storage (se¢ Note 4).

. Degenerated PCR primer (10) (Metabion, Martinsried,

Germany) (see Note 5):

alkB-forward (5’"AAY ACI GCI CAY GAR CTI GGI CAY
AA 3)

alkB-reverse (5 GCR TGR TGR TCI GAR TGI CGY
TG 3)

Store aliquots of appropriate dilution at —20°C (see
Note 3).

. Template DNA (se¢e Note 2). Dilutions of template DNA

should be prepared directly before use (see Note 3). Use
freshly prepared dilutions for every new PCR reaction.

6. Thermo-Fast® 96 detection plate (Thermo Scientific)

. MicroAmp'

M optical adhesive film (Applied Biosystems,

Foster City, CA, USA)
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8. Domed 12 cap strips (Thermo Scientific)
9. Cooled centrifuge for detection plates (e.g., Omnifuge 2.0
RS, Heraeus Sepatech Osterode, Germany)
10. A repeater-step pipette (e.g., Distriman®, Gilson Inc.,
Middleton, WI, USA)

11. 7300 real-time PCR system (Applicd Biosystems, Foster
City, CA, USA)

2.4. Agarose Gel 1. Agarose for gel electrophoresis is dissolved in 1 x TAE buffer
Electrophoresis to a final concentration of 2% and should be prepared before
use.
2. TAE buffer: 40 mM Tris-base, 1 mM disodium ethylendi-
amintetraacetate dihydrate dissolved in water pH 8.0 (see
Note 1).
3. Loading dye 6x (Fermentas GmbH,St. Leon-Ror,
Germany)
4. GeneRuler™ 100 bp or 1 kb DNA ladder (Fermentas
GmbH, St. Leon-Rot, Germany)
5. PerfectBlue Gelsystem Mini L (Peglab Biotechnologie
GmbH, Erlangen, Germany) with Power Supply Power Pac
300 (Biorad, Hercules, CA, USA)
6. Gel documentation system
3. Methods

In this work we present two quantitative PCR methods to study
the relative abundance of the bacterial kB gene in environmental
samples. The first one is based on an MPN PCR approach, while
the second one is a real-time PCR procedure. Both methods were
tested using a wide range of samples. These included different
types of soil: forest and agricultural, low (<1%) and high (>5%)
organic C content, noncontaminated (<100 mg total hydrocar-
bons/kg soil dry weight) and contaminated with hydrocarbons
(5000 mg total hydrocarbons/kg soil dry weight), sand and loam
texture. In addition, plant residual material was evaluated (pea
and maize). For a more detailed discussion on the advantages and
disadvantages of quantitative PCR procedures, we refer to (11).
A briefintroduction is given below.

The MPN PCR approach is based on the combination of
PCR with the statistical MPN (most probable number) procedure
developed by McCrady (12) and later improved by other authors
(13). This method consists of serial dilutions of DNA/cDNA
samples until extinction and replicated PCR reactions for every



3.1. Cell Lysis and
Nucleic Acid
Extraction

3.2. Quantification
Using MPN-PCR
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dilution. The result of each reaction is scored positive or negative
after gel electrophoresis analysis. The number of gene copies is
calculated using the MPN statistics.

The real-time PCR technique is based on the detection of flu-
orescence signals emitted due to the synthesis of PCR amplicons
by Taq polymerase (2). In the present method, amplicon synthesis
is monitored using SYBR® Green, a fluorescent dye that binds to
double-stranded DNA. In contrast to other PCR methods, quan-
tification using real-time PCR is a non-end-point measurement
and based on a continuous increase of a fluorescence signal, which
is measured after each cycle.

1. To ensure good homogeneity of samples, these may be addi-
tionally ground in liquid N until a fine powder is obtained.

2. Weigh 0.5 g of ground sample (fresh weight) into a lysis tube
containing ceramic balls.

3. Add the corresponding buffers (see Note 2).
4. Lyse cells in a homogenizator (30 s at 5.5 m/s)

5. Proceed with the extraction protocol as indicated by the
author’s or the manufacturer’s instructions.

6. Depending on the protocol, used nucleic acids may be either
resuspended or eluted with water (se¢ Note 1).

1. The extracts obtained in the previous section are used for
the MPN PCR approach. Prepare a succession of 1/10
serial dilutions of the sample of interest (see Notes 1 and
6). At least three replicates of each dilution are required.

2. Prepare a PCR reaction mix (23 pl) following this scheme:

Reagents Volume (p.L) Final concentration
a0 Cbuffec & 0 2hae %

MgCls (50 mM) 1 2 mM

ANTPs 2mMy gl % 0.1 mM

Fwd primer (4 pM) 0.625 0.1 pM

Rev primer (4 pM) 0.625 _ 0.1 pM

BSA (3%) 0.5 0.06%

Taq polymerase (5 U/pL) 02l b1

Water 16.25

3. We suggest that a Master Mix is prepared for the desired
number of samples.
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Stage Time Temperature (°C)  Touchdown  Cycles
Stagel L e
Hotstart 10 min; .95 (see Note 7)  x1
Stage 2 _ .
Denature 455 95 x5
Anneal I'mip 4862 = —1°C/cycle

Extend 45 s 72 (see Note 8)

Stage 3 e S e
Denature 45 s 95 %30
Anncal & & @ Amin Bi57 &
Extend 45 s 72

Stage 4 '

Final extension 10 min 72 x1
Pause = — R

4. Load 23 pL of reaction mix in each reaction tube.

10.

i3

12

. Add 2 pL of template. Store on ice until you are done with

all samples. Vortex briefly and centrifuge.
Run the following PCR program:

When the PCR is completed, vortex the samples briefly
for 2 s and centrifuge for 5 s) using a microcentrifuge
(14000 x g).

. Carry out an agarose gel electrophoresis (2% agarose).

A total of 15 pL PCR product and 4 pL of loading dye
should be sufficient for detection of the amplified product.
Let the samples run for 1 h at 120 V. At least 100 bp DNA
ladder should be included on one of the gel lanes.

. Following gel electrophoresis, visualize amplicons on the

gel with ethidium bromide. In general, a 10-15 min bath
is enough if the bath has been recently prepared or has not
been used too many times.

Detect amplified products with a gel documentation system
— the size of the band of interest is approximately 550 bp.

Identify the three sets of tubes/reactions that show dilu-
tion of the gene to “extinction.”

Note the number of positive and negative scores resulting
from each reaction (e.g., 3 positives for the first dilution, 2
for the second, and 0 for the last).



3.3. Quantification
Using Real-Time PCR

14.
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. Use an MPN-Table or MPN-calculator (see Note 9) to

compute the most probable number of gene copies in
1 L of the original dilution.

Since the amount of nucleic acids in the original extract
is known (nondiluted sample), the final result can be
expressed as the number of gene copies/mg of DNA or
the number of gene copies/g of soil material (dry weight).

1. Make 1/10 serial dilutions for the standard (see Notes 3,
10, 11, and 12). For samples we recommend that 1 in
2 or 1 in 3 serial dilutions are performed to find out the
dilution that gives the highest copy number for that sample
following PCR reaction (see Notes 3, 11, and 13).

2. Prepare a PCR reaction mix (23 pl) following this scheme
(see Note 14):

Reagents Volume (L) Final concentration
MgCly (50mM) Livisea 2mM

Foward primer (4 pM) 0.625 0.1 pM

Reverse primer (4 pM) 0625  01pM

BSA (3%) 0.5 0.06%

SyberGreen Master Mix 125 .

Water 775

3. Prepare a master mix for the desired number of samples.

4. Load 23 pL of reaction mix in each reaction well of the
plate (see Note 15).

5. Cover the negative controls with cap strips to prevent con-
tamination.

6. Add 2 pl of the template DNA to each reaction well of the
plate following your working scheme. The final volume of
each reaction is 25 pL.

7. When you are done with the templates, add 2 pL of water
to template-free reaction wells. These will act as negative
controls. Use at least three wells for this purpose.

8. Seal the PCR plate with the MicroAmp™ optical adhesive
film. Remove air bubbles by pushing the film to the plate
tightly.

9. Spin down the plate for 30 s and load the qPCR system.

10. Run the following PCR program:
11. Values can be calculated based on the Cr value.
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Stage Time Temperature (°C)  Touchdown Cycles
Stage 1 i a0 . .
Hotstart 10 min 95 (see Note 7)

Seagedic L il | . L
Denature 45

Ampedlll T TR =ACake
Extend 45 s (see Note 8)

Stage 3 . el ]
Denature 45 s x40
Anneal 1min -

Extend 45 s
Data Collection  30's

(s Note16)

Stage 4 (termination)

Denature

Anneal (see Note 17)

Extend

12. To ensure that the quantified amplicons possess the right
size, run an agarose gel as described in the MPN PCR
approach.

13. As for MPN PCR the final result can be expressed either as
the number of gene copies/mg of DNA or the number of
gene copies/g of soil material (dry weight).

4. Notes

1. All solutions should be prepared in water treated with 0.1%
diethylpyrocarbonate (DEPC) (Sigma-Aldrich, Munich,
Germany). This standard is referred to as “water” in this
text.

2. For extraction and isolation of nucleic acids, follow the
instructions proposed by the authors of the method or the
manufacturer’s instructions in those cases where different
kit systems are used. When measuring the concentration of
the isolated nucleic acids, the ratio of sample absorbance
at 260 and 280 nm (260,/280) should be in the range of
1.8-2.2 for “pure” nucleic acids. A ratio appreciably lower



10.

11.

12.

13.

14.
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might be indicative for the presence of co-purified contam-
inants such as humic acids or phenol.

Make all dilutions with water.

. The SYBR® Green 1 Dye in the master mix is light-

sensitive and should be kept in the dark. See manufacturer’s
instructions for long-term storage and safety.

. We inserted inosine where the bases were fourfold degen-

erated to reduce the degeneracy and improve binding of
the primers to template.

. For samples with low copy numbers, a succession of serial

dilutions up to 10* might be sufficient. Dilutions up to
10° or 10® may be necessary for samples with high copy
numbers.

. The hotstart stage allows specific annealing reactions to

occur and prevents nonspecific annealing events. With a
lack of nonspecific hybridization of primers to template
or to one another, the resulting amplified DNA bands are
cleaner.

. Due to the degeneracy of the primers and hence differing

melting temperature ranges, a touchdown PCR step greatly
improves annealing to the template,

. MPN-tables are available in numerous books, ¢.g., (15).

Instead, you can download a free MPN-calculator from the
Internet. Both MPN-tables and calculators should provide
the upper and lower limit of the 95% confidence interval.

We found copy numbers of the standard from 10% /ul to
10%/pl to be appropriate for this protocol.

When drops are located on the lid of the reaction tube,
spin down the tubes. This helps to reduce the danger of
cross-contaminations when opening the tubes.

We used a 550 bp long fragment of the alkB gene of Pseu-
domanos putida Gpol cloned into pCR 2.1-Topo vector
(Invitrogen, Carlsbad, CA, USA) as the external standard.
After plasmid isolation the DNA concentration was mea-
sured and the number of copies of the fragment calculated.
Alkane monooxygenase genes from other strains may also
be used as well.

In general, dilutions higher than 1,/100 are not necessary
for environmental samples.

We have used the 7300 Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) and optimized the
qPCR-protocol for this system. When other systems are
used, other optimization steps might be necessary. Please
follow the manufacturer’s instructions for each system.
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15. A repeater-step pipette may reduce pipetting errors when

processing a large number of samples.

16. Due to high primer degeneracy primer-dimers can occur
during the anncaling step. These will give a positive signal
using the Sybr Green detection system. To avoid this, an
additional data collection step at 78°C is included to ensure
that no primer-dimers are detected, since the latter have a

denaturation temperature below 78°C.

17. During this step the dissociation curve is recorded, allow-

ing the detection of unspecific PCR products.
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The utilization of quantitative PCR (qQPCR) approaches such as MPN-qPCR and real-time-qPCR for in situ
assessment of functional genes yields substantial quantitative and qualitative differences. We show this by
targeting the alkB gene related to biodegradation of aliphatic alkanes in a set of environmental samples with
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Quantitative PCR (qPCR) assays based on most-probable-number
(MPN) or real-time (rt) techniques have become increasingly popular
in the last decade to determine abundance of phylogenetic or
functional microbial groups in samples from different environments
(Baldwin et al., 2003; Margesin et al., 2003). Even if the same primer
system is used different qPCR techniques differ in their chemistry, the
mathematical approach to quantify the number of gene copies of
interest and the type of Taq polymerase enzyme used. However there
is still insufficient knowledge regarding the differences in terms of
ecological information that these methods may generate. Questions
about gene copy numbers obtained or which fraction of the microbial
community is targeted using different qPCR approaches but the same
primer system have never been answered. Therefore it was the aim of
this study to compare MPN-qPCR and rt-qPCR data using the same
primer system, to give in depth information about the comparability
of different qPCR techniques.

As an example the bacterial gene alkB, which codes for a
rubredoxin-dependent alkane monooxygenase that catalyzes the
first step in the aerobic oxidation of n-alkanes was chosen. A wide
range of oligonucleotide primers and DNA probes targeting alkB genes
have been recently developed (Baek et al., 2006; Hara et al., 2004;
Kloos et al., 2006; Kuhn et al., 2009; Marchant et al., 2006; Mehboob
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E-mail address: schloter@helmholtz-muenchen.de (M. Schloter).
1 Authors contributed equally.

0167-7012/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.mimet.2010.01.005

et al., 2009; Powell et al., 2006; Smits et al., 2002; Whyte et al., 1996,
2002). While most studies dealing with the detection of alkB in the
past were based on the identification of the gene by PCR from isolates
(Beilen van et al., 2006; Throne-Holst et al., 2007; Vomberg and
Klinner, 2000), direct application of PCR to measure abundance or
diversity of alkB from environmental samples has been increasing
(Hamamura et al., 2008; Kloos et al., 2006; Powell et al., 2006).

Soil samples from 12 sites (S01-S12) differing in total hydrocar-
bon concentrations were used in this study (Table 1). Samples were
taken in triplicates from topsoil (0-15cm) using a soil auger
(diameter 5 cm) and stored at —20 °C until further use. The three
samples obtained from each site were analyzed individually and
treated as true replicate. Cells were lysed mechanically as described
by Pérez-de-Mora et al. (2008) and nucleic acids were isolated
according to the protocol proposed by Griffiths et al. (2000). Primers
published by Kloos et al. (2006) with no discrimination of known
bacterial groups harbouring alkB were used. These primers were
slightly modified by substituting every four-fold degenerated base
with inosine-nucleotides to reduce degeneracy and improve amplica-
tion efficiency. Amplicon length was 550 bp.

MPN-qPCR consisted of stepwise 1:10 dilutions of the DNA
samples (5 replicates per dilution). PCR reaction (25 ul volume) was
performed with 2 mM MgCl,, 0.1 uM of forward and reverse primer
each, 0.06% bovine serum albumine, 0.25 U Taq polymerase including
the corresponding buffer (Invitrogen, USA) and 2 ul DNA. Amplifica-
tion was performed as touchdown PCR (10 min 95 °C, 5 cycles of 45 s
95°C, Tmin 62 °C (stepwise reduced to 57 °C) and 45s 72 °C,
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Table 1

Soil properties.

S. Schulz et al. / Journal of Microbiological Methods 80 (2010) 295-298

Sample  Location Coordinates Soil use Texture pH Total carbon Total nitrogen  Total hydrocarbon  Co-contamination
(mgkg™")  (mgkg ") (mgkg™ ")

S01 Munich 48°12’ N 11°35' E  Grassland close to a highway  Sandy 7.1 87,175 5660 385 Heavy metals, PAH

S02 Munich 48°22' N 11°58' E  Park grassland Loamy sand 6.5 60,131 5150 116 -

S03 Miinsingen 48°37' N 09°48’ E Mowed pasture Silty loam 52 53,791 5812 100 -

S04 Miinsingen  48°37' N 09°48' E  Pasture Silty loam 7.2 102,365 4511 114 -

S05 Kronach 50°14’ N 11°18’E  Mixed forest-beech Sandy loam 3.2 35,348 2368 158 Heavy metals

S06 Kronach 50°14’ N 11°18’E  Mixed forest-beech Sandy loam 54 104,676 4294 3748 Heavy metals

S07 Kronach 50°14’ N 11°18’ E  Mixed forest-beech Sandy loam 5.5 92,157 4160 2878 Heavy metals

S08 Kronach 50°14’ N 11°18'E  Mixed forest-beech Sandy loam 3.6 81,693 3768 1158 Heavy metals

S09 Kronach 50°14’ N 11°18'E  Mixed forest-beech Sandy loam 4.9 314,278 10,883 13,021 Heavy metals

S10 Kronach 50°13' N 11°19’E  Mixed forest-fir Loamy sand 3.2 43139 617 31,768 Heavy metals

S11 Kronach 50°13’ N 11°19’ E  Mixed forest-fir Loamy sand 3.3 52,891 2024 627 Heavy metals

S12 Kronach 50°13’ N11°19'E  Mixed forest-fir Loamy sand 2.8 77,795 1748 2595 Heavy metals

30 cycles of 45 5 95 °C, 1 min 57 °C and 45 s 72 °C; the final extension
was done for 10 min at 72 °C. Signals of MPN-PCR were analyzed after
gel electrophoresis with Image] Software (Rasband, 1997-2009) after
a signal threshold of 10% above background was set. MPN values were
calculated according to Cochran (1950).

Rt-qPCR reactions (25pl volume) were performed with 2 mM
MgCly, 0.1 uM forward and reverse primer each, 0.06% bovine serum
albumine, SybrGreen Master Mix (including polymerase; Applied
Biosystems, Germany) and 2 pl of 1:32 diluted DNA to overcome
inhibitory effects of coextracted humic acids. Amplification reactions
were performed in triplicates in the same way as described for MPN-
qPCR by using 7300 Real-Time PCR System (Applied Biosystems,
Germany). Rt-qPCR amplification efficiencies were calculated accord-
ing to the following equation:

e = 10(—1/slope)_] [1]

e-values ranged from 83% to 87%. Standard curves for the rt-qPCR assays
were linear (%> 0.99) over seven orders of magnitude. No signals were
observed in the non-template controls. Clone libraries for the diversity
analysis of PCR products were created using the pCR2.1 vector system
and the TOPO TA Cloning® Kit (Invitrogen, Germany) following the
manufacturer's instructions from amplicons obtained from soil SO1
(Table 1). PCR products of the replicates, from PCR reactions with 1:10
diluted template DNA, were pooled for clone library studies. After the
isolation of recombinant plasmids (Birnboim and Doly, 1979), sequenc-
ing was done using M13 forward and reverse primer (Invitrogen,
Germany), the Terminator Kit 3.1 (Applied Biosystems, USA) and a
capillary sequencer (ABI 3730, Applied Biosystems). Nucleotide
sequences were translated into protein sequences in silico using the
ExPasy proteomic server software (Gasteiger et al., 2003) and
subsequently aligned with the blastp-software (NCBI, http://www.
ncbi.nlm.nih.gov). The phylogenetic tree was calculated with the ARB
Software (Ludwig et al., 2004) using Maximum-Likelihood as well as
Parsimony and Neighbour-Joining methods for stability testing (data
not shown). Sequences are available under the GenBank accession
numbers GU184252 to GU184335.

Values of alkB gene copy numbers (alkB copies pg~ ! DNA) from
MPN-gPCR and rt-qPCR were tested for correlation. As observed in
Fig. 1, values showed a scattered distribution and were poorly
correlated (r=0.27; p=0.396). In all cases, results from rt-qPCR
were between one and three orders of magnitude higher compared to
data obtained from MPN-qPCR.

To assess differences in the diversity of the amplicons resulting
from the two PCR approaches, two clone library containing 42 clones
from MPN-qPCR products and 42 clones from rt-qPCR products were
obtained. Results showed substantial differences in the diversity
found in the two libraries; surprisingly no shared sequences were

found in both libraries and only 12% of the MPN- and qPCR clones
showed an amino acid sequence similarity above 90%. Cluster analysis
led to two major groups (clusters I and II). Cluster I further branched
into various subgroups (Fig. 2). Cluster Il was exclusively composed of
sequences obtained from MPN-qPCR, closely related to Microscilla
marina ATCC 23134. Within subcluster Ia sequences from both qPCR
methods were found (75% of MPN-qPCR sequences vs. 25% of rt-qPCR
sequences). In contrast subcluster Ib was dominated by se-
quences obtained from rt-qPCR (83% rt-qPCR vs. 17% MPN-qPCR),
most sequences in this subcluster were phylogenetically related to
Nocardiodes sp. CF8.

Our results clearly indicate differences in the diversity data for alkB
obtained by both qPCR methods. This observation may also occur with
other functional genes. Our results also indicate that differences observed
are not only related to redundancy but also to the abundance data. These
differences may be related to i) the lower efficiency of polymerase after 35
PCR cycles, which forms the basis for MPN-qPCR quantification compared
to polymerase efficiency in the exponential phase (cycles 10-15) which is
the basis for rt-qPCR quantification, ii) the DNA detection chemistry
(ethidium bromide for MPN-qPCR vs. SybrGreen for rt-qPCR); iii) the
calibration method (no calibration for MPN-qPCR vs. standard curve
calculation for rt-qPCR), iv) the statistical basis (probability for MPN-qPCR
vs. regression for rt-qPCR), v) different levels of sensitivity of different
polymerases to potential inhibitors and vi) subjectivity for the detection
baseline.
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Fig. 1. Comparison of alkB abundance using MPN- and rt-qPCR.
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Plant litter and soil type drive abundance, activity
and community structure of alkB harbouring
microbes in different soil compartments
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Alkanes are major constituents of plant-derived waxy materials. In this study, we investigated the
abundance, community structure and activity of bacteria harbouring the alkane monooxygenase
gene alkB, which catalyses a major step in the pathway of aerobic alkane degradation in the litter
layer, the litter—soil interface and in bulk soil at three time points during the degradation of maize
and pea plant litter (2, 8 and 30 weeks) to improve our understanding about drivers for microbial
performance in different soil compartments. Soil cores of different soil textures (sandy and silty)
were taken from an agricultural field and incubated at constant laboratory conditions.
The abundance of alkB genes and transcripts (by qPCR) as well as the community structure (by
terminal restriction fragment polymorphism fingerprinting) were measured in combination with the
concentrations and composition of alkanes. The results obtained indicate a clear response pattern
of all investigated biotic and abiotic parameters depending on the applied litter material, the type of
soil used, the time point of sampling and the soil compartment studied. As expected the distribution
of alkanes of different chain length formed a steep gradient from the litter layer to the bulk soil.
Mainly in the two upper soil compartments community structure and abundance patterns of alkB
were driven by the applied litter type and its degradation. Surprisingly, the differences between the
compartments in one soil were more pronounced than the differences between similar compart-
ments in the two soils studied. This indicates the necessity for analysing processes in different soil
compartments to improve our mechanistic understanding of the dynamics of distinct functional
groups of microbes.

The ISME Journal advance online publication, 8 March 2012; doi:10.1038/ismej.2012.17

Subject Category: microbial ecology and functional diversity of natural habitats

Keywords: alkane monooxygenase; microbial community function; plant litter; soil compartments;
waxes

Introduction structural elements are highly dynamic in response
to the surrounding environmental conditions, they
can be considered as hotspots for microbial activity
and the basis of all ecosystem services provided by
soils (Yaalon, 2000). In particular, the degradation of
polymeric substances and other complex molecules

might be depending on the structure of microhabi-

Soil harbours a multitude of different microhabitats
for (micro)-organisms that form the basis for the vast
diversity and functional heterogeneity often found
in soils (Curtis and Sloan, 2005). Such habitats are
characterised by multidimensional interfaces at the

pm to mm scale, and are the result of the interplay
of soil microbiota with their physical and chemical
environment (Totsche et al., 2010). As these
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tats either due to present varying microbial commu-
nities, different sorption properties and/or oxygen
and nutrient availability. Such heterogeneity
remains undetected, if vast amounts of bulk soils
are sampled with a soil auger, homogenised and
divided into subsamples for analysis.

Alkanes are major compounds of plant leaves
(Eglinton et al., 1962). The corresponding cuti-
culary waxes are produced as protective systems
against phytopathogens or to minimise water loss
by uncontrolled evaporation (Avato et al., 1990;
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Gniwotta et al., 2005). Compound concentration and
composition of these waxes vary between plants,
thus allowing differentiation of several plant fa-
milies or plants with different metabolic properties
like C3 and C4 plants (Rieley et al., 1993; Collister
et al., 1994; Maffei, 1996). Earlier studies revealed
the release of plant wax-derived alkanes during
litter degradation and their transport into the
surrounding soil (Lichtfouse et al., 1994; Cayet and
Lichtfouse, 2001; Dignac and Rumpel, 2006). Mainly
alkanes with a chain length shorter than C,, can be
transported into deeper soil layers and enter
different soil compartments, where their bioavail-
ability can be drastically reduced by physico-
chemical mechanisms such as (i) adsorption to soil
organic matter and clay minerals (Manilal and
Alexander, 1991; Richnow et al., 1995), (ii) adsorp-
tion to non-aqueous-phase liquids and (iii) diffusion
into smaller pores inaccessible for microbes (Bosma
et al., 1996). Soil microbes may also influence the
bioavailability of alkanes. For example, bacteria can
actively promote bioavailability by reducing
their distance to these substrates by chemotaxis
(Lanfranconi et al., 2003), changing their cell wall
properties (de Carvalho et al., 2009) or producing
biosurfactants such as rhamnolipids or the bioemul-
sifying protein. These processes facilitate bacterial
attachment to substrate reservoirs (Wick et al., 2000)
and transfer of hydrocarbons into aqueous phases
(Holden et al., 2002). Beside alkane bioavailability
other biotic and abiotic parameters like the presence
of dissolved organic carbon (Smith et al., 2009), the
access to nutrients or the amount of oxygen present
influence alkane biodegradation in different soil
compartments.

The capability of alkane catabolism via aerobic
and anaerobic degradation pathways is found
among a broad range of fungi and bacteria. Although
the chemically inert alkanes are activated by the
addition of fumarate (Heider et al., 1999; Widdel
and Rabus, 2001; Wilkes et al., 2003) during anoxia,
aerobic activation is accomplished by the terminal
(Sepic et al., 1995; Koma et al., 2001; Van Hamme
et al., 2003) or subterminal (Whyte et al., 1998;
Kotani et al., 2006, 2007) introduction of oxygen.
For alkanes with a chain length <C,,, which can be
considered as typical for plant waxes, terminal
oxygen introduction is mainly catalysed by the
membrane bound, rubredoxin-dependent di-iron
alkane monooxygenase (AlkB), which is found
among Actinobacteria, o-, B- and y-Proteobacteria
(van Beilen et al., 2003; van Beilen and Funhoff,
2007).

In this study, we report on the dynamics of the
abundance, activity and community structure of
microbes harbouring the alkane monooxygenase
gene alkB during the degradation of litter-derived
alkanes in different soil compartments (litter layer;
litter—soil interface; bulk soil). We postulate that in
soil compartments close to the litter material, the
type of litter material highly influences abundance,
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activity and community structure of alkB harbouring
bacteria. With increasing distance from the litter
layer, the influence of the soil type should increase.
For this, intact soil cores of two arable soils,
differing significantly in their composition and
texture, were incubated with litter of maize and
pea. These two plants were chosen as they represent
different assimilation pathways (C3 and C4 plants,
respectively) and contain different alkane concen-
trations as well as different compositions (Avato
et al.,, 1990; Gniwotta et al., 2005). The different
compartments were analysed after 2, 8 and 30 weeks
of incubation. The alkB gene copy numbers and
amounts of alkB transcripts were quantified using
SybrGreen-based real-time PCR, whereas the com-
munity structure of alkB-harbouring microbes and
the corresponding transcripts was determined using
terminal restriction fragment polymorphism (T-RFLP)
analysis. Furthermore, the amount and composition
of litter-derived alkanes were determined in the three
different compartments.

Materials and methods

Soil sampling and microcosm experiment

A total of 96 soil cores (diameter 5 cm; height 5 cm)
were taken with a soil auger from two different top
soils (0-5cm; 48 cores each) at an agricultural
research farm located 45km north of Munich
(www.helmholtz-muenchen.de/scheyern) in autumn
2008 after the harvest of winter wheat. The soil
texture of the silty (60.6% silt, 18% sand, 21.4%
clay) and the sandy soil (31.4% silt, 55.2% sand,
13.4% clay) was determined in 2003 after Sinowski
and Auerswald (1999). Both soils had a pH of 6.0
after extraction with 0.01M CaCl,. The soil cores
were equilibrated for two weeks at 14 °C and 55% of
the maximum water holding capacity to reset soil
microbial activity. Three cores of each soil type were
sampled after equilibration and served as time point
zero treatments (TO0). Nine soil cores of each soil
type were incubated with 1g dry weight (dw) fresh
litter material from maize (Zea mays L), respectively,
pea (Pisum sativum L) with a piece size of 25 mm?,
which was applied carefully on the top of the soil
core. Additionally, for each litter and soil type nine
cores were incubated using litter material in litter-
bags (1g litter material per bag; 50 um mesh size of
the bags), which were carefully covered by soil
to determine litter degradation rates. Nine cores of
each soil type without litter addition served as
controls. All cores were incubated in the dark up to
30 weeks at a constant temperature of 14 °C and soil
moisture of 55% of maximum water holding
capacity.

Sampling of three soil cores per treatment (sand-
pea; sand-maize; sand-control; silt-pea; silt-maize;
silt-control) was performed 2 (T1), 8 (T2) and 30 (T3)
weeks after litter addition. For each sampling three
compartments (litter layer, litter—soil interface and


www.helmholtz-muenchen.de/scheyern

bulk soil 1-1.5cm below the interface) were
sampled from each core and treated as true repli-
cates from the treatments. To obtain the litter—soil
interface, the remaining litter material was carefully
removed with a pair of forceps and then carefully
sampled using a clean spatula up to a depth of
2-3mm below the litter layer. Samples were either
shock frozen in liquid nitrogen and stored at —80 °C
for molecular analysis or, respectively, dried with
anhydrous Na,SO, (ca 10-15g) for the analysis of
alkane amount and composition. For the determina-
tion of litter degradation rates, litter bags were
removed from the soils of the corresponding treat-
ments at T1, T2 and T3, and the air-dried litter
material quantified gravimetrically.

Alkane analysis

Abundance and composition of alkanes were deter-
mined in triplicate from either 1.5g soil or 0.5g of
pooled litter. Samples were extracted twice with
20ml (60min extraction time) and 10ml (30min)
hexane (HPLC-grade; Merck, Darmstadt, Germany)
using a horizontal shaker at room temperature,
and then concentrated to 1 ml using a Turbo Vap II
vacuum system (Zymark, Idenstein, Germany). In
order to correct potential alkane losses during
extraction, 50ng of deuterated hexadecane per ml
of hexane (Dr Ehrenstorfer GmbH, Augsburg,
Germany) was used as extraction standard. Litter
extracts were split into two fractions of 0.5ml,
where each of the fractions was further purified by
using silica gel columns containing 0.5 g of cleaned
and activated silica 60 (35—-50 mesh, Merck) and
3-5ml of hexane (HPLC-grade; Merck). Joined
extracts of the columns were concentrated (Turbo
Vap II vacuum system) to 0.5ml. Gas chromato-
graphic mass spectrometry (GC-MS) measurements
of concentrated extracts were performed with an HP
6890 gas chromatograph (Hewlett Packard, Palo
Alto, CA, USA), which was equipped with an
HP-5 MS column and an HP 5973 mass spectrometer
for detection (both Agilent Technologies, Santa
Clara, CA, USA). Final temperature was set to
320°C, at a final time of 7 min and an initial helium
flow of 0.8mlmin~". For the MSD Transfer Line
Heater an initial temperature of 280 °C was used.

Extraction of nucleic acids and cDNA synthesis

DNA and RNA were co-extracted as recently
described (Téwe et al., 2011) and subsequently
separated using the AllPrep DNA/RNA Mini Kit
(Qiagen, Hilden, Germany) following the manufac-
turer’s instructions. Quality and quantity of isolated
nucleic acids were determined spectrophotometri-
cally at 260 and 230nm (Nanodrop ND-1000,
Peqlab, Erlangen, Germany). First strand cDNA was
synthesised with SuperScript II Reverse Transcrip-
tase (Invitrogen, Darmstadt, Germany) using 1 pmol
of random hexamer primer.
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Table 1 Primers used for the quantitative PCR and T-RFLP
analysis

Primer  Sequence™® Reference

alkB-1f 5'-AAYACNGCNCAYGARCTNGGNCA  Kloos et al. (2006)
YAA-3'
alkB-1r 5-GCRTGRTGRTCNGARTGNCGYTG-3' Kloos et al. (2006)

“Underlined positions were substituted by an inosine nucleotide to
improve amplification efficiency.
PN bases A, T, C or G; Y bases C or T; R bases G or A.

Quantification of alkB genes and transcripts
SybrGreen-based quantitative real-time PCR (qPCR)
was performed with the ABI Prism 3300 (Applied
Biosystems, Foster City, CA, USA) system for the
DNA and cDNA. PCR reaction mixtures with 25 pl
reaction volume contained 2mM magnesium
chloride, 0.1 uM of alkB specific primers (Table 1;
Kloos et al., 2006), 0.06% BSA, 1x Power Sybr
Green Master Mix (Applied Biosystems) and 5—-15 ng
DNA or 1040 ng cDNA, respectively. The qPCR was
carried out as previously described (Pérez-de-Mora
et al., 2010) using a cloned fragment of alkB (550 bp)
from Pseudomonas putida as standard.

Standard curves were linear (r*>0.99) over five
orders of magnitude and amplification efficiency
was around 86%. No fluorescence signals were
detected in the non-template controls. Signal acqui-
sition at 78 °C impeded biased fluorescence signal
detection due to primer dimers.

Community structure of alkB harbouring bacteria

and their transcripts

DNA and c¢cDNA were used for T-RFLP analysis to
track changes in the diversity of alkB harbouring
bacteria on DNA as well as mRNA level. Briefly,
PCR reaction mixtures with 25ul volume were
composed of alkB specific primers (Table 1), with
alkB_1f labelled with 6-carboxyfluorescein (6-FAM),
15-20ng DNA or 120ng cDNA, 1 x Taq PCR Master
Mix Kit (Qiagen) and 0.12% BSA. The annealing
temperatures were set to 58.7 °C for 30 cycles for
DNA and 58°C for 35 cycles in the case of cDNA.
PCR reactions were accomplished with no further
changes in the PCR protocol described in the
previous section. Afterwards, amplification pro-
ducts were purified with Wizard SV Gel and PCR
Clean-UP System (Promega, Mannheim, Germany)
according to the manufacturer’s instructions and
subsequently quantified spectrophotometrically at
260nm (Nanodrop ND-1000, Peqlab). An amount of
100ng purified DNA-derived PCR product or 10—
50ng of cDNA-derived PCR product, respectively
(pooled from three independent PCR reactions), was
digested at 37°C over night using two units of
HpyCH4V (New England BioLabs, Beverly, MA,
USA). After precipitation of the restriction frag-
ments with ethanol, T-RFLP was run in an ABI
PRISM 3100 genetic analyzer system (capillary
injection time of 15s) using GeneScan 500 ROX as

w
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size standard (both Applied Biosystems). Data were
analysed with GeneMapper V3.7 software (Applied
Biosystems).

Statistical analysis
Multifactorial ANOVA calculations were run with
log-transformed data. For statistical analyses of the
abundance of the alkB genes and transcripts as well
as the community structure of alkB harbouring
bacteria, the statistical software R version 2.10.0 (R
Development Core Team, 2009) was used. Normal
data distribution was checked by using histograms
and the Kolmogorov—Smirnov test at a level of
significance of P<0.05. See details on the statistical
analysis of T-RFLP data in the Supplementary
Material S1.

gPCR data were calculated on the basis of the
amount of soil or litter material. The alternative to
relate functional gene abundance to 16S rRNA gene
abundance has been not feasible, as a shift from r- to
k-strategists may occur during the incubation time
that excludes the use of constant conversion factors,
because r- and k-strategists are known to contain
different rRNA operon copy numbers (Klappenbach
et al., 2000).

Results

Litter degradation rates

Litter degradation rates based on the litter bag
experiments performed followed a logarithmic func-
tion as described previously (Wang et al., 2004; Ha
et al., 2007). The decay of pea litter was significantly
faster than the degradation of maize litter (P<0.001)
independent of the soil type. Whereas after 2 weeks
of incubation only half of the initial maize litter

amount remained, nearly 80% of the initial pea litter
was degraded. The soil type did not significantly
influence the litter decay (Supplementary Materials
S2 and S5).

Alkane analysis in the different compartments

Even- and odd-numbered, straight-chain alkanes of
chain-lengths between C,,—C,, as well as pristane
and phytane were quantified in all compartments
(litter layer; litter—soil interface and bulk soil) at all
sampling time points (Table 2 and Figure 1). Alkane
amounts in plant litter exceeded the alkane loads of
the underlying soil compartments by two to four
orders of magnitude. Fresh plant material comprised
alkane contents of about 180ugg " for maize
litter and 6500 ugg " for pea litter (Table 2). Alkane
degradation rates were comparable in all litter
samples with 43—87% of the total alkane concentra-
tion being lost within the first 8 weeks of incubation.
Independent of the soil type (P>0.1), maize and pea
litter differed significantly (P<0.05) in their relative
chain-length distribution over time with consider-
ably higher fractions of very long chained alkanes
(C3:—C4) in pea litter. Nonacosane (C,q) and
hentriacontane (Cs,), which are known to prevail
in maize and pea (Avato et al., 1990; Gniwotta et al.,
2005), constituted between 76—97% of the total
alkane content in pea litter and 40-62% of the total
alkanes in maize (Figure 1).

Similar concentration dynamics were monitored for
the different soil compartments in both soil types
with no significant influence (P> 0.1) of the litter type
over time (Table 2). Starting with comparable alkane
loads in silty and sandy soil (206 ngg " soil, respec-
tively, 167ngg"), the total alkane concentrations
decreased to 20-47% of the initial concentration
after 2 weeks (T1) in all soil samples. The differences

Table 2 Total alkane concentration at the three analyzed compartments during the incubation of sandy and silty soil microcosms with

maize and pea litter

Compartment Time Maize Pea
Sandy soil Silty soil Sandy soil Silty soil
Litter (ungg™) FM 183.4 (22.0) 183.4 (22.0) 6544.8 (2013.4) 6544.8 (2013.4)
T1 29.9 (ND) 169.3 (ND) 7524.3 (ND) 6021.0 (ND)
T2 26.3 (ND) 36.4 (ND) 881.3 (ND) 3705.9 (ND)
T3 25.4 (ND) 56.6 (ND) 2111.4 (ND) 1428.5 (ND)
Interface (0-1 mm) (ngg™") T1 52.0 (13.0) 46.0 (2.0) 52.0 (16.0) 50.0 (6.0)
T2 39.0 (15.0) 36.0 (1.0) 66.0 (31.0) 47.0 (4.0)
T3 49.0 (12.0) 105.0 (29.0) 81.0 (17.0) 96.0 (27.0)
Bulk soil (ngg™) To 167.0 (52.0) 206.0 (ND) 167.0 (52.0) 206.0 (ND)
T1 67.0 (26.0) 52.0 (6.0) 78.0 (7.0) 40.0 (5.0)
T2 128.0 (6.0) 39.0 (9.0) 71.0 (3.0) 48.0 (14.0)
T3 120.0 (40.0) 74.0 (2.0) 79.0 (22.0) 108.0 (24.0)

Sampling time points for bulk soil were at the beginning (T0) and after 2 (T1), 8 (T2) and 30 (T3) weeks of incubation. Besides the fresh litter
material (FM), litter has been also analyzed at T1-T3. Samples from the soil-litter interface have been analyzed from time points T1-T3. Note that
concentrations are given in pgg (litter samples) or ngg* (soil samples), respectively. Standard deviations are given in brackets (n=3). As the
amount of remaining litter material was too low for single measurements at T1, T2 and T3 litter material was pooled from the three replicates;

thus no standard deviation is given (ND).
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are indicated. Error bars represent standard deviations (n=3).

in the residual amounts at T1 were significantly
dependent on the soil type (P<0.05) but indepen-
dent of the soil compartment (P>0.1). Until the
end of the experiment, further significant changes
in total alkane amounts were observed only for bulk
sandy soil incubated with maize at T2 (8 weeks)
as well as both litter—soil interface and bulk soil
compartments from the silty soil treatments at T3
(30 weeks) where up to three times higher alkane
loads (P<0.05) were monitored compared with the
preceding time point.

Changes in the relative chain-length distribution
of alkanes in soil were significantly influenced by
the soil type and additionally by the incubation time
(P<0.05). Although sandy and silty soils shared a
similar distribution of alkanes with different
chain-lengths at TO (2%; 50%; 48%, respectively,
1%; 40%; 59% for C,—C,o; Cy1—Cso; C3,—C,o) with
nonacosane and hentriacontane constituting 82 and
70% of the total alkane content, pronounced

differences were observed at T3. Whereas moderate
changes of chain-length distribution patterns were
observed during the incubation in sandy soils only,
long-chained alkanes (Cj3,—Cio) represented the
dominating alkane fraction (85%) in silty soils at
T3. At this time a highly significant impact of the
soil type was monitored (P<0.001) while the litter
type had no influence. Interestingly, only the
relative amount of nonacosane and hentriacontane
was influenced by the litter type at this time
(P<0.05), which is coincident to earlier results
(Avato et al., 1990; Gniwotta et al., 2005).

Quantification of alkB genes and transcripts in the
different compartments

All results of the quantification of alkB genes and
transcripts are summarised in Figure 2. The initial
alkB gene copy number differed in both litter
types significantly (P<0.05). While in maize litter

The ISME Journal



‘(€ = u) suoTeIASD pIEpUR)s Jussaldal s1eq IO “YNJ PUB VNYW YD JO OTRI o1} 0} Pallsfol ST wononpur oymads oy, ‘1on (p ‘q) eed pue (9 ‘e) azTew
IM UOTIeqNOUT 91} SULINP [I0S [Nq PUB 9JBJISIUL [I0S—ISN] 81} ‘ToAR] I8 o1} UI (P ‘D) aued gy7p o1} Jo uononpui dy1ads a1} pue (q ‘) suis)ed souepunge oY} Ul saduey) g aInig

uoneqnoul Jo SYaam ()¢ = £1 ‘SY2M § = 7L ‘SY2am 7 = [ L "SYoam () = (L “1oui] ysay =

S Schulz et al

Drivers for abundance and community structure of alkB in soil

€LTLIL £1TLIL OLWA ELCLILELTLIL) OL WA o1 ELCLILELTLIL| OLWA ELCLILELTLIL] OL WA o1
PO -
0-01 mn.‘_uﬁ
o (2]
20-01 W 20-01 W_
01 m 01 m
10~ = 1o~ =
0001 a0l
el 1N ovAUL 1911 0Bl 1| Q0BLAUL  Iap]
01 01
[1os Apis [1os Apues E ] [ros Kipis [10s Apues " 2
LTLIL €LTLIL 0L WA €LTLIL €ITLLL ol LTLILELTLIL €LTLILELTLIL| OL WA 6
LO a L0 a
(47 [+°]
2 s
8001 8 s001 8
5 2
Wl W g
0101 M_m 0101 W,
g g
1ot = 1ol =
= =
0BAUL 121 AdBpIAUL 1NN z QBAUL 1201 QoeIul 1] z
01 z101
1os A[is [10s Apues “ q [10s A[is [1os Apues “ e

The ISME Journal



3 x 10" copiesg™" litter (dw) were monitored in the
fresh litter material, gene copy numbers in pea litter
were one order of magnitude lower. In the litter
layer significant interactions between incubation
time and litter type (P=0.001) reflect the influence
of both factors on alkB abundance. Although alkB
gene copy numbers dropped at T1 and increased
again towards T3 in all maize litter samples, in pea
litter a significant increase in alkB copy numbers
was mainly visible at the first 2 weeks of incubation
towards T1. After 30 weeks of incubation alkB gene
copy numbers were comparable in both litter types
and reached almost 1 x 10" copiesg™" litter (dw).
The soil type had no significant influence on alkB
gene copy dynamics in litter. AIkB gene copy
numbers at the litter—soil interfaces and in the bulk
soil compartments were significantly lower (P<0.001)
than in the respective litter layer and ranged between
2x10® and 9 x 10®copiesg™ " soil (dw). In silty soil
samples a clear reduction of alkB copy numbers from
the litter—soil interface towards the bulk soil was
visible. Over the time, gene copy numbers at the
litter—soil interface increased, whereas no significant
changes could be detected in bulk soil independent
of the type of litter. In contrast, in the sandy soil
samples no differences were monitored between both
soil compartments and alkB gene copy numbers
remained stable in the litter—soil interface over time.

Overall copy numbers of alkB transcripts followed
the same trend like described above (data not shown).
To describe specific transcription rates of alkB in
the different compartments the ratio between mRNA
and DNA copy numbers were calculated. Specific
induction of alkB transcripts could be clearly
observed independent from the soil type (P=0.95)
at the maize litter compartment within the first
2 weeks of incubation followed by a remarkable
decrease. In contrast, highest specific induction
rates for alkB-related transcripts were found in the
fresh pea litter and decreased mainly in the first
2 weeks of incubation towards T1. In the silty soil
samples treated with maize litter a clear influence
of the litter addition was visible on the specific
induction rates of alkB in the litter-soil compartment
as well as in the bulk soil compartment after 2 weeks
of incubation. In all other treatments, the addition of
the litter material did not increase specific transcrip-
tion rates in the two soil compartments towards T1.
At T2 and T3, specific induction rates of alkB genes
were reduced in all treatments compared with TO
independent of the plant litter type, the soil compart-
ment analysed or the soil type (P=0.873).

Gene and transcript copy numbers of alkB did not
change significantly over time in control micro-
cosms without litter addition (data not shown).

Community structure of alkB harbouring bacteria and
their transcripts in the different compartments

Two weeks after the litter addition, an increase of
total T-RF numbers (that is, richness of alkB genes)

Drivers for abundance and community structure of alkB in soil
S Schulz et al

was observed in the litter-soil and bulk soil
compartment irrespective of the soil type (Supple-
mentary Material S7). Nonmetric multidimensional
scaling plots calculated on the basis of Bray—Curtis
similarity indices (including presence and relative
abundance of T-RF) displayed a strong differentia-
tion between communities on the DNA level in
response to the sampled compartment, the litter
type and the incubation time (Figure 3; Supplemen-
tary Material S4). Overall, alkB-harbouring commu-
nities in the litter—soil interface as well as in the bulk
soil were more related to each other than to commu-
nities colonising the litter material. For example, T-RF
63, 117 and 475 were detected in most DNA samples
from soil, but were far less frequent in litter samples.
Conversely, the T-RF 260, 324 and 401 were far more
specific for litter samples and occurred in only few
soil samples (Supplementary Material S8) if at all.
Interestingly, although less frequent in the litter
samples based on DNA analysis, T-RF 63 and
117 were dominant members of the T-RF profiles of
the mRNA samples, indicating high transcription
rates of the corresponding genes at least at the time
point of sampling. The analysis of samples derived
from replicate treatments did not reveal significant
differences in T-RFLP pattern (data not shown);
therefore data in Figure 3 and others is based on
analysis of pooled samples from replicated treatments
for clarity reasons.

Nonmetric multidimensional scaling plots of
amplified mRNA displayed no differentiation
among communities in the different compartments,
as observed on DNA level, irrespective of the litter
material (Figures 3c and d). However, the composi-
tion of transcripts of alkB based on T-RF analysis
was significantly impacted by the soil type in soil
cores incubated with maize litter, whereas incuba-
tion time and the relative amount of C,;—C,,
influenced the alkB genes and alkB transcripts
significantly in cores incubated with pea litter
(Supplementary Material S4).

Based on ongoing cultivation studies using
samples from the same experiment, several of the
T-RF could be tentatively assigned to T-RF obtained
from alkB sequences originating from soil and litter
isolates (Supplementary Material S3). For example,
T-RF 324 and 459 were specific for Actinomycetales-
related isolates harbouring alkB sequences homo-
logous to the alkB sequence types of Rhodococcus
sp. Q15 alkB2 (AF388182) and Gordonia sp. TF6
(AB112870), respectively. These T-RF were more
common in DNA from litter samples and were, if at
all, only detectable in soil samples incubated with
litter, but never in controls.

A total analysis with nonmetric multidimensional
scaling of T-RFLP patterns of all treatments and
layers (including controls) on genomic and tran-
scriptomic scale revealed differentiation between
the alkB-harbouring and alkB-expressing commu-
nities (Supplementary Material S9). The alkB-har-
bouring communities especially from the litter—soil

~
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interface and bulk soil (irrespective of the soil type)
shared more similarity to each other (domination
sector III) than to the respective alkB-expressing
communities (mainly sectors II) (molecule type,
P<0.001). This indicates a high similarity to litter
communities expressing alkB (sector II). The litter
type had significant influence on the differentiation
between alkB-harbouring and -expressing commu-
nities of all samples including controls (P<0.001) as
also observed for the soil type (P<0.05) and
the vicinity to the litter (depth, P<0.001).
Control samples especially of bulk soil incubated
without litter had similar patterns for alkB genes

The ISME Journal

and transcripts (mainly sector I) and differed from
soil samples incubated with litter (dominating
sector III). Overall, the community structure of
alkB harbouring bacteria genes and their transcripts
in the non-litter controls did not change
(Supplementary Materials S6 and S9).

Discussion

In this study, we related gene copy numbers,
structure and activity of a functional community in
different soil compartments to the presence of the



corresponding substrate. We could demonstrate that
the investigated bacterial populations are highly
dynamic in the different soil compartments, which
have been investigated and at least partly controlled
by substrate availability.

Surprisingly litter application resulted only in
a growth of alkB-harbouring bacteria in the litter
layer of soils where pea litter has been added.
This increase in biomass could not be related to
the degradation of alkanes only, as the amounts in
litter are too low. Therefore, the use of other plant-
derived compounds by the alkane degraders and
co-metabolic degradation must be postulated. This
hypothesis is also verified by the fact that in pea
litter, which is easily degradable compared with maize
litter and nutrient release is much faster, a steady
increase of alkB-harbouring bacteria could be ob-
served. In the litter—soil interface in silty soils also
an increase in alkB-harbouring bacteria could be
detected at T3 independent from the litter type. This
observation might be related to the fact that leaching
of alkanes is much slower in silty soils compared
with sandy soils as indicated by the higher alkane
concentrations in silty soil samples at T3; this
prolonged substrate availability in silty soil samples
obviously stimulated the growth of alkB-harbouring
bacteria.

Generally, prolonged incubation time of the soil
cores with the litter material resulted in distinct
changes in alkB expression and diversity of
alkB-harbouring bacteria. These shifts as well as
the increased abundance were most pronounced in
the litter layer likely indicating that significant parts
of the available alkanes were readily degraded. This
fact is supported by data from earlier studies,
where extensive community structure changes of
alkB-harbouring bacteria in nutrient-enriched soils
as compared with control plots over time has been
described in several field studies (Réling et al. 2004;
Hamamura et al. 2006; Vazquez et al., 2009).

Substrate loads and relative chain-length distribu-
tion of alkanes in the compartments were signifi-
cantly responsible for the distinct T-RFLP alkB
fingerprints from litter and soil on the DNA level.
These strong differences reflect changes in the
presence as well as in the relative abundance of
T-RF in litter and soil. This might indicate
that alkane degraders in the litter layer were
specific to or possibly introduced with the plant
material rather than being part of the soil microbial
community.

However, on the expression level the similarity in
the number of transcripts between litter and
soil samples indicates that external environmental
conditions rather than the high abundance of certain
degraders are responsible for shaping the commu-
nity structure of active alkane degraders harbouring
the alkB gene. Furthermore, specific alkB gene
paralogues could be expressed similarly in litter
and soil in response to the comparable growth
conditions. The paralogues functions are yet

Drivers for abundance and community structure of alkB in soil
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unclear, but it was hypothesised that they are
preferentially expressed depending on the chain-
length of the available alkanes or on the growth state
of bacteria (Marin et al., 2001; van Beilen et al.,
2003; Amouric et al., 2010).

Alkanes released upon decay of litter material are
possibly solubilised by surface-active agents
(Holden et al., 2002), facilitating their transport into
the surrounding soil, for example, with flowing
water (Lichtfouse et al., 1994). Interestingly, total
alkane loads in the litter—soil interface decreased
significantly rather than increased, after litter
amendment. Together with the stable numbers of
alkB genes and transcripts in some soil compart-
ments, this could support degradation activity of
alkane degraders relying on enzyme systems others
than AlkB (for example, Cyp153). In contrast,
elevated alkB gene and transcript numbers in bulk
soil compartments were detected after litter amend-
ment, thus hinting at a concomitantly stimulated
alkane degradation activity and a fast consumption
of the substrate by alkB-harbouring bacteria.

Soil type dependent differences in the bioavail-
ability of alkanes might occur due to the different
porosities and mineral compositions of sandy and
silty soils. In fact, the macroporosity of sandy soils,
as opposed to the microporosity and high clay
content of silty soils, may favour the transport of
alkanes (Galin et al., 1990; Arthurs et al., 1995) and
therefore influence the structure and activity of
alkB-harbouring bacteria differently. At T3, the
strong soil type dependent differences in the relative
chain-length distribution and a concomitantly high-
er total alkane amount in silty soil were accompa-
nied by elevated alkB gene numbers in the interface
compartments of this soil type. Soil texture induced
alkane sequestration, hence could have been
responsible for a reduced ad hoc bioavailability
and concomitantly retarded substrate consumption
in silty soil.

The present study, interestingly, could not verify
any influence of the soil type on the community
structure of bacteria harbouring the alkB gene, as
they were remarkably similar between sandy
and silty soils, whereas simultaneously expressing
similar alkB gene abundance and expression. In
contrast, the differences in the community structure
of alkB-harbouring bacteria were much higher in
the soil compartments within one soil type than in
the same soil compartments between the two soil
types. This points to a distinct influence of the plant
litter on the community structure of potential
degraders that is more pronounced in communities
located closer to the litter layer. Factors such as the
availability of nutrients or electron acceptors intro-
duced by the plant litter may accordingly be
important (Wiesenberg et al., 2004; Dignac and
Rumpel, 2006) forming steep gradients and thus
preferentially influencing the community structure.
Furthermore, plant litter-derived degraders could be
transferred to the litter—soil interface along fungal

O
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hyphae (Kohlmeier et al., 2005), without reaching
the deeper soil layers.

However, on the expression level, the depth
differentiation between the two soil compartments
was less pronounced as also observed for the alkB
transcripts in litter and soil. This and the depen-
dency of the community structure of bacteria
expressing the alkB gene in pea litter incubated
samples on the relative amount of medium-chain
alkanes (C,,—Cso) further supports the hypothesis
of preferentially expressed alkB gene paralogues.
The changes in the alkB expression patterns of
maize litter incubated samples significantly corre-
lated with the soil type, which had not been
observed on the DNA-level and could thus be
explained by the soil type-dependent relative
chain-length distribution of the alkanes. At T3, the
higher fraction of very long-chain alkanes in silty
soil (Cs,—Cy) at both compartments possibly in-
duces alkB gene paralogues others than expressed
with long-chain alkanes (C,,—Cs,), which were
more abundant although not dominant in sandy
soil. Furthermore, the significant differences in the
relative amounts of nonacosane and hentriacontane
between the soil types might have a role.

Conclusion and outlook

The observed dynamics of abundance, community
structure and activity of functional communities are
often overlooked when soil samples are taken with a
soil auger and further processed by mixing and
sieving. However, to understand the functionality of
soils in relation to the performance of microbial
communities, the spatial resolution of analyses
close to biogeochemical interfaces as they have been
defined by Totsche et al. (2010) have to be improved.
These authors stated that ‘linking the heterogeneous
architecture of soil interfaces with the diverse
structure of microbial communities in predictive
ways in order to understand soil functions and the
role for ecosystem services has yet to be seen as
one of the grand decadal challenges in science’.
The structural and compositional heterogeneity of
these interfaces is one likely reason for the vast
diversification of microbes (Curtis and Sloan, 2005;
Gans et al., 2005). Biogeochemical interfaces may
stimulate the metabolic activity and are supposedly
sites for horizontal gene transfer (Top and Springael,
2003; van der Meer and Sentchilo, 2003). This
role of interfaces has also been demonstrated
impressively using model biofilms (Molin and
Toker-Nielsen, 2003). Therefore, future studies must
address even smaller scales than those addressed by
the present study to get more mechanistic insight
into the functioning of biogeochemical interfaces
and their dynamics. There is a particular need to
employ minimally destructive sampling techniques
and in situ analysis to obtain an unbiased view of
the ecology of communities at high resolution.
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Obviously in our study litter type-specific abun-
dance of alkB and its expression patterns thereby
seem to reflect not solely the different bioavailability
of alkanes but might be also the result of the
succession of alkB-harbouring bacteria by alkane
degrading fungi (for example, Fusarium sp,
Aspergillus sp, Penicillium sp). These fungi are
known as important drivers of litter degrading
communities and likely competitors with the bac-
teria for the same substrate. These alkane-degrading
microbes do not use the alkane monooxygenase
pathway for alkane degradation and therefore
cannot be tackled by using alkB-specific primers.
Therefore, to describe total functional communities
involved in the degradation of plant-derived alkanes
abundance, the community structure and the activ-
ity pattern of those microbes need to be described in
future experiments, for example, by using metage-
nomic analysis and expression cloning approaches.

Finally T-RFLP analysis is a very useful technique
for a high thruput analysis of changes in the
community structure without clear phylogenetic
assignments, which was the aim of this study.
However, to link a certain alkB type to the given
environmental conditions in a compartment, there
is a need to better understand ecophysiology and
phylogenetic position of the corresponding organ-
isms. Furthermore, in many cases an analysis of the
T-RFLP pattern is done using normalisation; as
small peaks are not considered for analysis, this
technique may not be able to describe changes
in the rare biosphere of alkB-harbouring bacteria.
As the number of alkB operons and its heterogeneity
of so far uncultivated organisms is not known a
direct link of number of T-RFs and diversity must
be carefully considered. In this respect, sequence-
based analysis of metagenomic libraries may help
in the future to improve our understanding on
alkB-harbouring microbes.
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Supplemental Material

S1 Statistical analysis of the T-RFLP data

In order to avoid the incorporation of primer induced signals in the T-RFLP analysis,
fragments smaller than 50 bp were excluded. An upper fragment length threshold of 560 bp
was applied to consider also sequences with no restriction site as criterion for the community
structure (complete amplicon length was 550 bp). Noise removal from the final signal
measurements, peak binning to account for inter-run differences in T-RF size and
normalization of signal intensity was conducted according to Abdo et al. (2006) using a cut-
off value of four times the standard deviation to remove background noise. Multivariate
statistical analysis of the resulting normalized sample-peak tables were run with the R
package “vegan” (Oksanen et al., 2006). Non-metric multidimensional scaling (NMDS)
analyses performed with the Bray-Curtis similarity index (including presence and relative
abundance of T-RF) iteratively tried to plot the rank order of similarity of communities in a
way that community point distances are exactly expressed on a two-dimensional sheet
(greater distances represent greater dissimilarities). The major compositional environmental
variations were fitted using a linear regression and the “envfit” algorithm provided with the
”vegan” package. Significances of single environmental and experimental parameters on the
NMDS results were tested using the Monte-Carlo permutation test with 1000 permutations
and final ANOVA. These parameters included incubation time, depth, soil type, litter type,
alkB gene and mRNA copy number as well as the total alkane amount, the relative amount of
alkane fractions with different chain-length and the nucleic acid molecule type (for the overall

analysis the alkB harbouring and expressing communities were combined).



S2 Significance levels of factors influencing the litter decay in microcosms covered with
maize or pea litter respectively.

maize pea
soil type n.s. n.s.
time * soil type n.s. n.s.

* P <0.05, ** P<0.01, *** P <0.001, n.s. = not significant



S3 Relative abundances of terminal restriction fragments (T-RF) in DNA or cDNA samples
from litter, soil and control compartments detected also in soil and litter isolates. For the
calculation, all samples in one sampling group (litter; soil; control) were summed with no

differentiation of litter-, soil type, compartment and incubation time.

alkB sequence homology % detection in % detection in
to published sequences | T-RF? DNAP cDNAP
litter soil control| litter soil control

63 (69) 21 100 100 93 88 92

e.g. H. phototrophica 4

(ZP_02166109) 1177 (120) 21 100 100 79 85 75
124 (127) 21 100 67 43 54 33
234 (240) 57 80 58 86 77 75
260 (263) 86 15 25 79 62 17
282 (285) 50 100 67 57 88 33

Rhodococcus sp. Q15

alkB2 (AF388182) 324* (328) 57 0 0 14 4 0
362 (366) 86 100 92 86 85 100
401 21 0 0 0 0 42

Gordonia sp. TF6

(AB112870) 459* (464) 21 12 0 43 35 8
475 0 42 83 0 0 50

*) Taxon Specific; #) Specific for one particular alkB-paralog occurring in phylogenetically
different isolates. All other T-RF occurred in different isolates.

a) Theoretical T-RF from in silico restrictions of cloned alkB sequences derived from
microcosm isolates are given in brackets.

b) Dominant T-RF (5x mean relative fluorescence unit of all T-RF in more than 50% of the

respective sample group) are given in bold.



S4 Significance levels of environmental factors correlating with diversity changes in alkB
harbouring (DNA) or expressing (cDNA) communities (based on NMDS of T-RFLP data) in
the sandy and the silty soil microcosms incubated with maize or pea straw, respectively. In
addition, litter communities are also included (maize; pea). Significance levels for the overall
analysis including T-RFLP analysis of all treatments and layers on alkB gene and expression
level are given in the last column (all). P values are based on Monte-Carlo permutation with

1000 permutations and final ANOVA.

DNA cDNA

maize  pea | maize pea | all
tlme **k* * - -
depth X x *k*k * - *kx
soil type - - : - *
litter type n.d. n.d. n.d. nd. | ***
alkB gene copy number * *x - Fhk
alkB mRNA copy number Fhx ** - - Fkx
total alkane Fxk falahed - - n.d.
relative amount of C;9-Cy alkanes * * - n.d.
relative amount of C,;-C3 alkanes - *x - - n.d.
relative amount of Cs3;-Cyo alkanes - ** - - n.d.
relative amount of C, and Cg; - ** - - n.d.
molecule type n.d. n.d. n.d. nd. | ***

‘P<0.1, * P <0.05, ** P <0.01, *** P <0.001, n.d. = not determined
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S6 Diversity cluster analyses of alkB genes (A, B) and transcripts (C, D) in silty and sandy
soil microcosms covered either with maize (A, C) or pea (B, D) litter as well as in the non-

litter controls.

02 04 06 08 1.0 02 04 06 08

0

A | | | | J B L il | )

[ EM litter maize T2 litter pea sand
T2 litter maize silt T1 htter pea sand
T1 litter maize silt T1 litter pea silt
Tl litter maize sand EM litter pea
T2 litter maize sand T2 litter pea silt
T3 litter maize sand T2 sand pea interface
T3 litter maize silt TO silt .
T1 sand maize bulk soil T2 silt bulk soil control
TO silt interface control TO silt bulk soil control
T1 silt interface control T1 silt bulk soil control
TO sand bulk soil control TO sand interface control
T1 silt bulk sqil control T0 sand bulkfsml control
T2 sand interface control | T1 sand interface control
T1 sand bulk soil control TO silt interface control
T2 silt interface control T1 silt interface control
TO sand interface control T2 sand interface control
T2 sand bulk soil control T1 sand bulk soil control
TO silt bulk soil control T2 silt interface control
T2 silt bulk soil control T1 silt pea bulk soil
TO silt | X T3 silt pea bulk soil
T1 sand interface control TO san .

——{— T1 silt maize interface T2 sand bulk soil control
T2 silt maize interface T3 silt pea interface
T3 sand maize interface T3 sand pea interface
T3 silt maize interface T2 silt pea bulk sqil
T3 silt maize bulk soil T1 sand pea interface
T2 sand maize bulk soil T2 silt pea interface
T3 sand majze bulk soil T2 sand pea bulk soil
T2 sand maize interface T1 sand pea bulk soil
T2 silt maize bulk soil T3 sand pea bulk soil
T1 silt maize bulk soil T1 silt pea interface
TO sand = | E T3 litter pea sand
T1 sand maize interface T3 litter pea silt

C 02 04 06 08 10 D 02 04 06 08 10
| ] ] ] J | | ] |

T2 silt maize bulk soil T2 silt pea bulk soil

T3 litter maize silt
T1 silt maize interface

T3 sand maize interface
T3 sand maize bulk soil

TO silt .
T3 litter maize sand
FM litter maize

1 litter maize silt
T2 litter maize silt
T1 silt maize bulk soil

T3 silt maize bulk soil
T0 sand

T2 sand maize bulk soil
T1 sand maize interface

T1 sand maize bulk soil

T1 litter maize sand
T2 litter maize sand

T1 sand bulk soil control
T2 sand interface control
TO silt bulk soil control
T1 silt bulk soil control
T2 silt interface control
TO silt interface control
T1 silt interface control
T2 sand bulk soil control
T2 sand pea interface
TO sand interface control
T1 sand interface control
T2 silt bulk soil control
T1 silt pea interface

T1 litter pea silt

T1 silt pea bulk soil

TO sand bulk soil control
T2 silt pea interface

T3 silt pea interface

T3 litter pea sand

T3 litter pea silt

T2 litter pea silt

T2 litter pea sand

T1 litter pea sand

T2 sand pea bulk soil

T3 51It£ea bulk soil

TO san

FM litter pea

T1 sand pea interface
TO silt .
T3 sand pea bulk soil
T1 sand pea bulk soil
T3 sand pea interface

T2 sand bulk soil control
T0 sand bulk soil control
TO sand interface control
T1 sand interface control
T2 silt bulk soil control
T3 silt maize interface
T2 sand maize interface
T2 silt maize interface
T1 sand bulk soil control
T2 sand interface control
TO silt bulk soil control
T1 silt bulk soil control
T2 silt interface control
;(1) silt interface control

silt interface control

FM = fresh litter TO = 0 weeks, T1 =2 weeks, T2 = 8 weeks, T3 = 30 weeks of incubation




S7 Number of T-RF (i.e. richness) detected in two soil compartments (litter-soil interface,
bulk soil) after the incubation with maize and pea litter with differentiation of T-RF
exclusively detected in sand, silt and shared T-RF between both soil types. For reasons of

simplification no differentiation between the two soil compartments was included.

maize pea

number of detected T- RFs

TO T1 T2 T3 TO T1 T2 T3

B T-RF exclusively in sand El T-RF exclusively in silt O T-RF in sand & silt
T0 =0 weeks, T1 = 2 weeks, T2 = 8 weeks, T3 = 30 weeks of incubation
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S9 T-RFLP based NMDS blot of all alkB gene harbouring and expressing communities of the
microcosm experiments. Community similarity was calculated using Bray-Curtis similarity
measurement. Arrows are correlation vectors of diversity differences and environmental
conditions with significance factors P < 0.1 (for exact significance level see S4). Monte-Carlo
permutation model based analysis with 1000 permutation and final ANOVA was applied to

test for significance.
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The influence of the herbicide 2-methyl-4-chlorophenoxyacetic
acid (MCPA) on the mineralization of litter-derived alkanes
and the abundance of the alkane monooxygenase gene (alkB)
in the detritusphere of Pisum sativum (L.)
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Abstract In the present study, the temporal and spatial
variation of the abundance of the alkane monooxygenase
gene alkB and 16S rRNA genes in different soil compart-
ments was analysed in the presence or absence of 2-methyl-
4-chlorophenoxyacetic acid (MCPA) after the addition of
pea litter to soil in a microcosm study. Samples were
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analysed shortly after litter addition (T0) and 1 week (T1),
3 weeks (T3) and 6 weeks (T6) after the addition of litter. In
addition also, the quantity and quality of litter-derived alka-
nes was analysed and measured. The results revealed a fast
and complete degradation of MCPA in all compartments
throughout the experiment. Nevertheless, significant changes
in the distribution patterns of short- and middle-chained alkanes
suggest an interaction of MCPA and alkane degradation. a/kB
gene copy numbers were highly influenced by the time point of
analysis and by the investigated soil compartment. Overall, an
increase in alkB gene copy numbers from TO to T3 was visible
in the upper soil compartments whereas a decrease compared to
TO was measured in the deeper soil compartments. MCPA
addition resulted in an increase of alkB abundance at T6. Gene
copy numbers of 16S rRNA were not influenced by sampling
time and soil compartment. In contrast to the control treatments,
a slight increase in 16S rRNA gene copy numbers was visible
at T1 and T3 compared to TO in all soil compartments.

Keywords Alkane monooxygenase - MCPA - Alkane
degradation - Plant litter

Introduction

Phenoxyacetic acids (PAA) like 4-chloro-2-methylphenoxy-
acetic acid (MCPA) are one of the most commonly used
groups of herbicides for weed control. They are applied as
post-emergence agents (Tomlin 2003) and taken up by
broad-leaved plants, where they act as phytohormones and
result in a nutrition deficiency and subsequent plant death.
MCPA, which is either rinsed from the leaves by irrigation

@ Springer
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or directly reaches the soil during its dispersion, can be rapidly
degraded by soil microorganisms (Crespin et al. 2001). There-
fore, over the last decades, the environmental fate of this
herbicide and its impact on MCPA-degrading microorganisms
has been studied intensively. For example, Greer and Shelton
(1992) identified the soil organic matter content as one of the
key factors influencing the degradation of 2.4-dichlorophe-
noxyacetic acid (2,4-D), an analogue to MCPA. Furthermore,
it was shown that the degradation activity of MCPA degraders
was enhanced after repeated herbicide application (Kearney
and Kellogg 1985; Cederlund et al. 2007). Intensive studies of
the #fdA gene, encoding the enzyme which catalyses the initial
step in bacterial degradation of phenoxyacetic acid herbicides,
have been performed on genomic and transcriptomic levels
and demonstrated a rapid increase of gene copy numbers and
transcripts after MCPA application (Baelum et al. 2008;
Nicolaisen et al. 2008; Poll et al. 2010).

Although obviously MCPA is rapidly degraded in soil
after application, there is still a concern if the herbicide has
an impact on soil microbes and their activities. Whereas
some studies could not reveal a negative impact of MCPA
on soil microbial community structure even at doses 10
times higher than the approved levels (Anderson 1978;
Duah-Yentumi and Johnson 1986; Vieublé Gonod et al.
2006; Zabaloy et al. 2008; Tejada et al. 2010), knowledge
about its effects on functional groups of microbes and their
activity is rare. In this respect, there is a need to consider
also microbes involved in litter degradation, since due to the
application of MCPA, a large amount of dead plant biomass
accumulates, which needs to decompose, to recycle
nutrients and to avoid colonisation of the plant litter material
by phytopathogenic microbes like Fusarium.

Alkanes are a major constituent of cuticulary waxes of
plant leaves, which form a barrier against water loss and
phytopathogens. During the decay of plant litter, these alkanes
reach the detritusphere (Lichtfouse et al. 1994; Cayet and
Lichtfouse 2001; Dignac and Rumpel 2006), which represents
a “hot spot” of microbial activity with high importance for the
mineralization of litter-derived compounds (Gaillard et al.
2003; Poll et al. 2006). Therefore, in the present study, we
investigated the influence of MCPA on alkane-degrading
bacteria. Since MCPA is supposed to be a potential inhibitor
of soil enzymatic activities (Tejada et al. 2010), it might also
have a hampering effect on alkane-degrading bacteria
reflected by a feedback reduction of abundance and activity.

The alkane monooxygenase gene alkB encodes the hom-
onymous enzyme, which catalyses the initial step in aerobe
bacterial degradation of linear aliphatic hydrocarbons with a
chain length between Cs and C;¢ (van Beilen et al. 2003)
and is thus a good indicator for degraders of plant litter-
derived alkanes. We hypothesise that MCPA (1) inhibits
activity of alkB-harbouring bacteria and (2) changes the
distribution pattern of alkanes of different length in the
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investigated soil compartments. To prove these hypotheses,
we conducted a microcosm experiment using soils spiked
with MCPA or water, respectively, and investigated the
temporal changes of gene copy numbers of alkB as well as
the mineralization of alkane species with different chain
lengths in the detritusphere of plant litter.

Materials and methods
Microcosm experiment

For the microcosm experiment, topsoil (0-30 cm) of an
arable Luvisol soil (18 % sand, 60.6 % silt, 21.4 % clay,
PHcaciz 5.3) was collected from a research farm in Scheyern
(www.helmholtz-muenchen.de/scheyern), 40 km north of
Munich (Germany). To avoid the influence of living plant
biomass, sampling was performed in December 2009. After
sampling, the soil was sieved (<2 mm) and filled into 32 soil
cores (5.6-cm diameter x 3-cm height, with a bulk soil
density of 1.2 gem ) which were pre-incubated for 2 weeks
in the dark at 20°C and 35 % of the maximum water holding
capacity to reset microbial activity. In order to study the
effect of MCPA on alkB-harbouring bacteria, 12 soil cores
were spiked with MCPA (50 mg kg ' dry soil); the remain-
ing soil cores received water and served as controls. All soil
cores were covered with 0.5 g of small pieces (5 mm?) of
dried pea litter (Pisum sativum L.), which represents a plant
litter type with high amounts of alkanes in the leaves
(Schulz et al. 2010), and were incubated as described by
Poll et al. (2010). During the incubation, the soil moisture
was set to a corresponding water suction of —63 hPa. The
microcosms were incubated for 6 weeks at 20°C in the dark
and weekly irrigated with a 0.01 M CaCl, solution. Four
microcosms of each treatment (MCPA or control) were
sampled after 1 week (T1), 3 weeks (T3) and 6 weeks
(T6) of incubation. In addition, soil aliquots were taken in
four replicates 10 min directly after MCPA or water amend-
ment at the start of the experiment (T0). For sampling, the
remaining litter material was carefully removed; the soil
cores were frozen at —21°C and subsequently sliced into
thin layers (“compartments™) using a cryostat microtome
(HM 500 M, MICROM International GmbH, Germany).
Soil samples from the detritusphere were taken in the fol-
lowing distances to the litter: 03, 3—6 and 6-9 mm. They
were stored at —21°C until further use.

MCPA extraction and quantification

MCPA was extracted from the soil samples by a sequential
extraction procedure where an amount of 1.5 g of fresh soil
was mixed with 7.5 ml 0.01 M CaCl, (Merck, Darmstadt,
Germany) and shaken vigorously for 20 min at 250 rpm.
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After subsequent centrifugation (2500x g, 15 min), an aliquot
of the resulting supernatant was additionally mixed with
methanol (HPLC grade, Geyer Chemsolute, Renningen, Ger-
many) in a ratio of 1:1 and incubated at 50°C for another
30 min. Prior MCPA concentration measurement, both
extracts (CaCl, and methanol) were filtered using 0.45-um
syringe filters (Chromafil PP/RC-45/25, Macherey-Nagel,
Diiren, Germany) to avoid potential precipitation fragments.
Afterwards, quantification was performed according to Moret
et al. (2005). Briefly, separation of extracted MCPA was
accomplished by using a HPLC-analytical column, equipped
with a 3.5-pm Kromasil 100C18 silica phase (150%3 mm,
MZ Analysentechnik GmbH, Germany) and a mixture of
acetonitrile/water (30:70, v/v) and 10 mM tetrabutyl ammoni-
um hydroxide serving as mobile phase (pH 7.2). The flow rate
was set to 0.5 ml min . Detection of the herbicide was done at
228 nm using an UV detector (Beckman Coulter, System
Gold 166).

Alkane extraction and determination of quantity and quality

The quantitative and qualitative analysis of n-alkanes at the
different soil compartments was done by mixing 4 g of fresh
soil with anhydrous Na,SO,4 and a subsequent two-stage
extraction procedure using a total of 120 ml hexane (HPLC
grade, Merck, Darmstadt, Germany). Gas chromatographic
mass spectrometry (GC-MS) measurements of concentrated
extracts were performed with an HP 6890 gas chromatograph
(Hewlett Packard, Palo Alto, CA, USA), which was equipped
with an HB-5 ms column and an HP 5973 mass spectrometer
for signal detection (both Agilent Technologies, Santa Clara,
CA, USA). Final temperature was set to 320°C, at a final time
of 7 min and an initial helium flow of 0.8 ml min~'. For the
MSD transfer line heater, an initial temperature of 280°C was
used.

Nucleic acid extraction and quantification of the alkane
monooxygenase gene (alkB) and the gene coding
for the 16S rRNA

The isolation of nucleic acids from soil samples was per-
formed according to Téwe et al. (2011) without adding 3-
mercaptoethanol to the extraction buffer. Quality and quantity
of'the isolated DNA was determined spectrophotometrically at
260 and 230 nm (Nanodrop@@ ND-1000, Peqlab, Germany).
Sybr” Green-based quantitative real-time PCR (qQPCR) was
accomplished by using the ABI Prism 3300 system (Applied
Biosystems, Foster City, CA, USA). For qPCR of a/kB genes,
modified primers carrying inosine nucleotides at every
fourfold-degenerated base have been used for the improve-
ment of amplification efficiency (Kloss et al. 2006; Schulz et
al. 2010), whereas primers for the quantification of 16S rRNA
genes were used without modification (Bach et al. 2002).

The preparation of reaction mixtures and subsequent ampli-
fication reactions was performed as previously described
(Bach et al. 2002; Pérez-de-Mora et al. 2010) using 2 to
25 ng of template DNA in each PCR setup. Cloned fragments
of alkB (550 bp) from Pseudomonas putida and 16S rRNA
(260 bp) from Clavibacter michiganensis michiganensis were
used as standards. Amplification efficiencies ranged between
83 and 85 % (alkB) and 84 to 95 % (16S rRNA) with standard
curve linearities (+7>0.99) over six orders of magnitude for
both standards.

Statistical analyses

Significance levels of the obtained data were calculated
using a multifactoral ANOVA algorithm which is included
in the SPSS software version 11.5 (SPSS Inc., USA). Data
of gene abundances of al/kB and 16S rRNA genes were log-
transformed to fulfil the assumptions of normal data distri-
bution and homogeneity of variances. The level of signifi-
cance was set to P<0.05.

Results

MCPA concentrations were in all soil compartments and at
all time points significantly higher in the CaCl, extracts
compared to the methanol extracts (P<0.05), indicating that
the major part of the MCPA added to soil was still bioavail-
able and not covalently bound to the soil matrix. Only about
1/5 of the applied MCPA could be measured in the methanol
extracts. This sorption process to soil was very fast and
already visible some minutes after application (TO). The
determination of the MCPA degradation rates revealed a
fast decomposition already after 1 week (T1) of application
in both fractions (CaCl, and methanol) in all soil compart-
ments (Fig. 1). The degradation of the applied MCPA was
higher (P=0.02) in the upper soil compartment (0—3 mm)
compared to the deeper soil layers (3—6 and 6—9 mm) at T1.
However, a leaching of MCPA from the upper to the lower
soil compartments over time cannot be excluded. With
ongoing incubation (T3), the remaining concentration of
MCPA was further reduced (7 to 10 ug g ' soil dry weight
(dw)) in the CaCl, fraction as well as in the methanol
extracts (1 to 2 pg g ' soil dw) and resulted in concentra-
tions below the detection limit of 5 ng g ' soil (dw) at the
end of the experiment after 6 weeks (T6) (Fig. 1) in all
layers in both fractions. Overall, degradation rates did not
change over time in all soil compartments.

Short-chain alkanes with a chain length less than Cy
significantly increased over time up to 7 ng g ' (Fig. 2a and
d, Table 1). However, the increase in the MCPA-treated sam-
ples was overall more pronounced, indicating a reduced deg-
radation of these alkanes in the presence of MCPA. The
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Fig. 1 Concentrations of MCPA in different soil compartments (0-3,
3-6 and 69 mm under the litter layer) during a microcosm experiment
of 6 weeks. The herbicide concentration was measured in replicates
(n=4) at the beginning (TO0) and after 1 week (T1), 3 weeks (T3) and
6 weeks (T6) of incubation using a sequential extraction with CaCl,
(black bars) and methanol (open bars). The error bars represent
standard deviation

amount of short-chained alkanes (C;(—C,o) increased after
3 weeks  (3—6 mm) and 6 weeks (0-3 mm) of incubation,
respectively, in the control soils, whereas in MCPA-treated
microcosms, the amounts already strongly increased in the
first week and decreased in the following period only at 0—
3 mm. For the deeper soil compartments (3—6 and 6-9 mm),
trends were comparable to the controls, but the increase of
alkanes was attenuated which indicates a slower reduction of
alkane degradation. However, a significant difference of the
alkane concentrations in the different soil compartments
under investigation was not visible, which might be related to
the fast leaching of this fraction.

Alkanes with a chain length between C,q and C,9, which
were released during plant litter decay, were also influenced
by the time and the availability of MCPA (Fig. 2b and e,
Table 1). However, concentrations were much higher com-
pared to the short-chain alkanes. In average, the amount
ranged between 30 and 50 ng g ' dry soil but did not exceed
55ng g . In the control microcosms, the amount of middle-
chained alkanes (C,y—C,9) increased in the first week of
incubation whereas concentrations remained constant or
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Fig. 2 The response of total short- (a, d), middle- (b, e) and long-
chained (e, f) alkanes, without discrimination of even- and odd-
numbered chains, to MCPA amendment in different soil compartments
of the microcosms during an incubation time of 6 weeks. Amounts of
alkanes in control (a—¢) and MCPA (d-f) spiked microcosms at the
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soil depth (mm)

soil depth (mm)

beginning (black bars) and after 1 week (open bars), 3 weeks (shaded
bars) and 6 weeks (dotted bars) of incubation are given. The different
soil microsites are indicated. The error bars represent standard devia-
tions (n=4)
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Table 1 Correlation of gene

copy numbers and concentration Factor ANOVA P values

of total alkane species by multi-

factorial ANOVA with time, alkB 16S rRNA Ci10Cio Ca0—Cao C30-Cao

treatment and soil compartment.

*P<0.05 Time 0.263 0.558 0.036* 0.002* 0.000*
Soil compartment 0.008* 0.116 0.950 0.338 0.000*
Treatment 0.928 0.162 0.024* 0.040* 0.680
Time X compartment 0.691 0.605 0.461 0.949 0.000*
Time * treatment 0.694 0.200 0.390 0.777 0.264
Compartment x treatment 0.746 0.299 0.223 0.665 0.353
Time X compartment x treatment 0.773 0.837 0.185 0.244 0.042*

decreased at T3 and T6, indicating a degradation of these = Discussion

released hydrocarbons in all soil compartments. Contrary, in
microcosms that have been spiked with MCPA, the amount of
alkanes changed only slightly in the first 3 weeks of incuba-
tion in the first 6-mm soil depth and steeply increased at T6 to
an amount of 45 ng g ' soil (dw), indicating a decreasing
degradation at the end of the experiment in microcosms spiked
with MCPA.

Interestingly, the amount of long-chained alkanes (C30—Cyq)
at T1 increased to a maximum of 110 and 150 ng g~ soil in the
first compartment (0—3 mm) of the control and MCPA-spiked
microcosms, respectively (Fig. 2¢ and f, Table 1) at T1, indi-
cating a fast litter decomposition and the release of hentriacon-
tane (Cz;) which is known to be predominant in cuticulary
waxes of pea leaves (Gniwotta et al. 2005). With ongoing
incubation, these high amounts dropped to a level of around
50 ng g ' soil (dw) and changed only slightly towards Té6.

The quantification of the alkane monooxygenase gene alkB
demonstrated that copy numbers did not exceed 1 x 10> copies
g soil (dw) during the whole incubation. At the topsoil
compartment representing the litter/soil interface (0-3 mm),
the alkB gene copy number increased over time in control
treatments (TO-T3), whereas in soil depths below that com-
partment, a clear decrease of alkB genes was measured over
time (Fig. 3a and b, Table 1). A significant influence of the
MCPA application on the abundance of a/kB was not detect-
able at the early time points of sampling (TO, T1 and T3);
however, the MCPA addition resulted in slightly higher gene
alkB gene copy numbers compared to the controls at T6 in the
two upper soil compartments

The 16S rRNA gene copy numbers in the control soils were
very constant and did not change significantly with time or
soil compartment (Table 1). The overall abundance of 16 S
rRNA genes did not exceed 1x10° copies g ' soil (dw) and
ranged between 1x 10% and 1x10° copies g ' soil (dw). Also,
in the microcosms treated with MCPA, 16S rRNA gene copy
numbers did not change with soil depth. In contrast to the
control treatments, a slight increase in 16S rRNA gene copy
numbers was visible at T1 and T3 compared to TO in all soil
compartments in the MCPA-treated samples.

PAA herbicides like MCPA are highly soluble and can be
easily transported into deeper soil layers after field applica-
tion. Despite the intensive use of these herbicides in agri-
culture, the concentrations in soils are low due to the fast
microbial degradation and adsorption to soil particles.
Although the amount of MCPA commonly used for weed
control is in the range of 20 ug g ' soil (dw), the resulting
concentration in soils after field amendment is expected to
undercut a limit of 4-5 pg g ' (Anon 1987). Therefore,
PAAs are considered by many authors as ecologically
irrelevant.

The major fraction of MCPA in our study was rapidly
degraded, and only a minor part was adsorbed to soil particles.
The reduction of 50—-60 % within the first week after applica-
tion is in line with other studies. For example, Thorstensen and
Lode (2001) as well as Boivin et al. (2005) demonstrated a
clear reduction of about 50 % of the bioavailable MCPA in
clayey and loamy soils within 14 days after application. In
addition, the high microbial activity of MCPA degraders,
which was repeatedly observed after MCPA application, could
be further improved by the addition of external nutrient sour-
ces called biostimulants (Poll et al. 2010; Tejada et al. 2010).

Since previous studies could not show a negative impact
of MCPA on the soil microflora even when applied in excess
(Duah-Yentumi and Johnson 1986; Tejada et al 2010), an
elevated concentration of 50 pug g~' soil (dw) of MCPA was
used in this study to create harsh conditions and check for
influences on the alkB-harbouring bacterial community in
soils. Even for such extremely high doses, our results
revealed a complete disappearance of MCPA after 6 weeks
of incubation, which was also shown recently (Hiller et al.
2009; Poll et al. 2010), as a consequence of microbial
activity, adsorption to soil particles and organic matters as
well as leaching processes.

Our results clearly indicate significantly higher MPCA
degradation in the compartment, which represents the litter/
soil interface supporting also the beneficial effect of
litter-derived, easy degradable biostimulants and possibily
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Fig. 3 Quantification of alkB
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cometabolic degradation of MCPA. These higher microbial
activities related to the degradation of biopolymers on a very
small vertical scale or resolution have been also described by
Baldrian et al. (2010), who investigated spatial heterogeneity
pattern of selected soil enzymatic activities in forest soils.
The results of the present study confirm that the majority of
bacteria is not affected by the addition of MCPA to soil. On
the contrary, even a slight increase in 16S rRNA gene copy
numbers could be measured in those treatments with MCPA
addition at T1 and T3. This might indicate that probably fungi
are more affected by the MCPA addition than bacteria. In this
respect, a study by Herrmann et al. (2004) is of interest which
could show pronounced effects of auxin on selected fungi.
Taking into account that MCPA 1is an auxin analogue, effects
on soil fungi could be postulated. Due to the reduced compe-
tition for resources, bacteria might benefit from the MCPA
addition. The importance of soil fungi in the detritusphere
might also explain that 16S rRNA gene copy numbers did
not differ between the three soil compartments, which is in
contrast to other studies where a clear gradient formation of
16S rRNA genes with highest numbers in the litter layer has
been described (Poll et al. 2010). The litter compartment is a
hot spot of general microbial activity (Beare et al. 1995),
where water-soluble and easily degradable compounds (e.g.
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soil depth (mm)

glucose, amino acids) are highly available and reach the soil
during the first phase of plant litter decay. In our study, pea
litter with a narrow C/N ratio was used, and it might be
speculated that the high amount of N in pea litter highly
influenced bacterial abundance not only in the litter compart-
ment but by leaching also in deeper soil compartments result-
ing in an improved N supply in all soil compartments. This
indicates the importance of the litter amount and quality for
the development of bacterial communities in soil. However, a
direct link between bacterial cell numbers and 16S rRNA
genes is not possible due to the well-described variability in
numbers of 16S rRNA gene operons between different bacte-
rial taxa (Acinas et al. 2004).

In contrast to 16S rRNA gene copy numbers in the upper
soil compartment (0-3 mm), a temporal increase of alkB
abundance could be monitored independently from the addi-
tion of MCPA in the same soil compartment. The decrease of
alkB gene copy numbers in the soil layers 3—6 and 6-9 mm
during the incubation might indicate transport limitations of
alkanes into deeper soil layers. It is known that mobility of
alkanes correlates strongly with the chain length (Leythaeuser
and Schae 1982) as sorption to soil particles increases and
dissolving in liquids decrease with increasing carbon numbers
and vice versa.
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Our results clearly support this fact as the amounts of
higher alkanes (>Cs;y) were comparable to TO during the
incubation in the deeper soil layers (3—6 and 6-9 mm),
whereas a strong increase in the uppermost compartment
within the first week was observed. Furthermore, the limi-
tation of other factors like the availability of electron recep-
tors or the succession by other bacteria and fungi could
result in decreasing alkB gene copy numbers.

However, the present study could demonstrate MCPA-
dependent changes in the distribution patterns of short- and
middle-chained alkanes. On the one hand, this might point
to changes in the communities of alkane degraders towards
other alkane degradative systems like the monooxygenases
of the cytochrome P450 superfamily (e.g. Cyp153, Cyp52)
(van Beilen et al. 2003). Furthermore, evidences for the
temporal changes in the soil microbial community induced
by MPCA application were also shown on genomic scale by
Vieublé¢ Gonod et al. (2006). On the other hand, MCPA
could also influence the activity of alkane-degrading
enzymes as earlier shown for autochthonous laccases and
glutamic dehydrogenases (Polemio et al. 1981; Ruggiero
and Radogna 1985), resulting in a delayed response to
litter-derived alkanes.

Therefore, to gain more detailed insight, further studies
should focus on abundances and diversity analyses of other
genes involved in degradation of alkanes mainly of fungal
origin like cyp153 and cyp52 genes; in addition, geophysical
analyses of the migration of short-, middle- and long-
chained alkanes in the respective soil would be very useful
to link microbial performance and availability of substrates
more closely. Although sieved soil has been used in this
microcosm study, clear effects related to the different com-
partments studied were visible, mainly related to MCPA and
alkane distribution; however, it must be taken into account
that the use of undisturbed soil columns may change some
of the response pattern, mainly the abundance of 16S rRNA
genes. To perform such experiments, larger microcosms
might be needed to ensure reproducibility.
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