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"Die Neugier steht immer an erster Stelle einesProblems, das gelöst werden will."(Galileo Galilei 1564 - 1642)
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Summary1 SummarySoils are highly hierarhially strutured systems with diverse miro-habitats, whihare the result of the interplay of di�erent partiles and minerals. The habitats di�erin their expansion, due to the various sizes and shapes of those partiles as well astheir assemblages. Depending on the physio-hemial onditions of soils, the distribu-tion of nutrients, water, oxygen as well as eletron aeptors is highly dynami in timeand spae. Consequently, so-alled hotspots of mirobial ativity and evolution might beformed trough dependeny of the nutrient supply. In previous studies, the miro-habitatsand the orresponding mirobial turnover proesses at the mirosale are often over-looked, when samples were taken without maintaining the soil miro-struture. However,diverse studies were aomplished to gain insights into the abundane and ommunitystruture of alkane degrading bateria during the remediation of hydroarbons. Hereagain, analyses were done in the range of entimeters, omitting the mirosale.As part of the DFG-priority program 1315 ("Biogeohemial Interfaes in Soil"), thepresent study was onduted to analyse the abundane and ativity of alkB -harbouringbateria in a spatio-temporal manner. In pioneer work, published alkB -spei� primerswere modi�ed in order to inrease qPCR ampli�ation e�ieny and onsequently im-prove the quanti�ation. Therefore, four-fold degenerated bases were substituted withinosine nuleotides and various PCR reation protools were tested. Additionally, dif-ferent reation mixture additives like DMSO, BSA and magnesium hloride have beenanalysed for suitability. By using the modi�ed primers and respetive qPCR onditionsthe following experiments have been onduted.I. Two arable soils di�ering signi�antly in their texture were inubated with lit-ter material of maize and pea. At the beginning and after two, eight and thirtyweeks of inubation, the litter layer as well as the litter-soil interfae and bulksoil ompartments were sampled and analysed. The data learly suggest a gra-dient formation from the litter to deeper bulk soil ompartments, as a result ofheterogeneous nutrient dispersal. Furthermore, despite the di�erent quantities andqualities of maize and pea plant wax alkanes, no impat of the litter type on thealkB -harbouring bateria was monitored. Contrary, the abundane of alkB genesand transripts was strongly in�uened by the inubation time and moreover bythe soil type.
1



SummaryII. Due to the fat that herbiides might have a hampering e�et on ertain soil bate-ria, abundane of alkane degraders harbouring alkB in MCPA amended and ontrolsoils was analysed. Therefore, alkB genes were quanti�ed in the detritusphere ofsoils (0 - 3, 3 - 6, 6 - 9 mm), whih were inubated with pea litter for up to six weeks.Interestingly, the results ould not demonstrate an in�uene of this herbiide.III. In order to verify the in�uene of ertain lay minerals on the abundane of alkB,eight so-alled "arti�ial soils" with diverse ompositions and of two di�erent ageswere inubated with litter material of wheat for two weeks. In this regard, noimpat of the ompositions was monitored. Furthermore, data suggest other fatorsthan litter derived alkanes to be the driving fator for mirobial response at di�erentsoil ompartments.However, in order to identify hotspots of alkane degrading bateria and to verify thepotential distribution of alkanes in soils, antibodies against AlkB should be produedin the present study. Therefore, di�erent approahes for the overexpression of AlkBin host strains and the spei� puri�ation were tested to yield su�ient amounts forimmunization.
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Zusammenfassung2 ZusammenfassungBöden sind hoh hierarhish strukturierte Systeme mit vershiedenen Mikrohabitaten,die das Resultat eines Zusammenspiels vershiedener Partikel und Mineralien sind. DieHabitate untersheiden sih in Ihrer Ausdehnung als Folge vershiedener Gröÿen undFormen dieser Partikel und Ihrer Zusammenshlüsse. In Abhängigkeit der physiko-hemishen Bedingungen in Böden, ist die Verteilung von Nährsto�en, Wasser, Sauer-sto� und Elektronenakzeptoren in Raum und Zeit hoh dynamish. In diesem Zusam-menhang entstehen in Abhängigkeit der Nährsto�versorgung so genannte "Hotspots"mikrobieller Aktivität und Entwiklung. In früheren Studien, in denen eine Beprobungohne den Erhalt der Bodenmikrostruktur erfolgte, wurden solhe Mikrohabitate oftniht beahtet. Des weiteren wurden diverse Studien durhgeführt, um Einblike indie Abundanz und Struktur alkanabbauender Bakterien während der Verwertung vonKohlenwassersto�en zu erlangen. Aber auh hier wurden die Analysen unter Ausshlussder Mikroskala nur im Zentimeterbereih gemaht.Als Teil des DFG-Shwerpunktprogrammes 1315 ("Biogeohemial Interfaes in Soil"),wurde die vorliegende Studien erstellt, um die Abundanz und Aktivität alkB tragen-der Bakterien in einem räumlihen und zeitlihen Kontext zu untersuhen. In Vorar-beiten wurden bereits verö�entlihte alkB -spezi�she Primer modi�ziert, um die Am-pli�kationse�zienz zu erhöhen und damit die Quanti�zierung zu verbessern. Zu diesemZwek wurden 4-fah degenerierte Basen durh Inosinnukleotide ausgetausht und di-verse PCR-Reaktionsprotokolle getestet. Darüber hinaus wurden vershiedene Additivewie DMSO, BSA und Magnesiumhlorid auf Ihre Eignung untersuht. Unter Zuhilfe-nahme der modi�zierten Primer und entsprehender PCR-Protokolle, wurden folgendeExperimente durhgeführt:I. Zwei landwirtshaftlih genutzte Böden, die sih signi�kant in Ihrer Struktur un-tersheiden, wurden mit Streumaterial von Mais und Erbse inkubiert. Zu Beginnund nah zwei, aht und dreiÿig Wohen Inkubation wurden die Streushiht, dieStreu-Boden-Grenzshiht und Boden in 1 m Tiefe beprobt und untersuht. DieDaten weisen klar auf die Bildung eines Gradienten vom Streu zu tieferen Bo-denkompartimenten als Folge einer heterogenen Nährsto�verteilung hin. Des weit-eren wurde trotz der untershiedlihen Quantitäten und Qualitäten der p�anzlihenAlkane von Mais und Erbse, kein Ein�uss des Streutypes auf die Abundanz alkB -tragender Bakterien beobahtet. Im Gegensatz dazu wurde die Abundanz der alkBGene und Transkripte stark von der Inkubationszeit und dem jeweiligen Bodentypbeein�usst. 3



ZusammenfassungII. Aufgrund des Faktes, das Herbizide eine shädlihen Ein�uss auf bestimmteBodenenzyme haben können, wurde die Abundanz von Alkandegradierern die alkBtragen in MCPA versetzten und Kontrollböden untersuht. Interessanterweisekonnten die Ergebnisse keinen Ein�uss des Herbizides darstellen.III. Um den Ein�uss bestimmter Tonmineralien auf die Abundanz von alkB zu bestäti-gen, wurden aht sogenannte "künstlihe Böden" mit diversen Zusammensetzun-gen und von untershiedlihem Alter mit Weizenstreu inkubiert. Darüber hinausdeuten die Daten darauf hin, das andere Faktoren als die Alkane aus dem Streu-material, die antreibenden Faktoren für die mikrobielle Reaktion in vershiedenenBodenkompartimenten sind.Um die "Hotspots" von alkanzersetzenden Bakterien identi�zieren und die mögliheVerteilung der Alkane im Boden veri�zieren zu können, sollten Antikörper gegen AlkBin der vorliegenden Studien hergestellt werden. Aus diesem Grund wurden vershiedeneAnsätze für die Überexpression in Produktionsstämmen und eine spezi�she Aufreini-gung getestet, um geeignete Mengen für die Immunisierung zu erzielen.
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Introdution3 Introdution3.1 Introdution to the Ph.D. thesisSoils play a major role in global nutrient yles as they are storage, transformationand transport medium for water, gases and also pollutants. Persistene and turnoverrates of all substrates are determined by the onditions at so-alled biogeohemialinterfaes (BGI's) where minerals, organi matter and soil mirobes interat with eahother. As most reent studies analysed the fate of organi matter on the marosale,data about the transformation proesses on the mirosale are still rare. The presentstudy was part of the priority program SPP1315 "Biogeohemial Interfaes in Soils"(www.spp1315.uni-jena.de) funded by the Deutshe Forshungsgemeinshaft (DFG). Inthis program interdisiplinary researh of geologial, hemial and biologial sieneswas done in order to haraterize the struture and funtionality of biogeohemialinterfaes in soil and their potential for degradation of organi ompounds. The resultsof this study ontribute to the mehanisti understanding of the mirobial degradationof model ompounds in soils on the mirosale.3.2 Biogeohemial interfaes in soilsPer de�nition, interfaes are ontat zones between di�erent phases or spheres. In thisrespet, soils represent extremely large interfaes on the marosale (m to km), as theymediate the interations of the biosphere, the hydrosphere, the atmosphere and thelithosphere. Contrarily, depending on its mineralogy, 1 g of soil an ontain tens ofm2 of surfae, where organi and mineral phases an interat. Hene, soils are are alsolarge and highly omplex on the mirosale ranging from µm to several mm (Figure 1).As biologial and hemial turnover proesses take plae at suh interfaes [264℄ theyare generally termed biogeohemial interfaes. Those interfaes represent the bound-ary surfaes to soil liquids and gaseous phases [229℄ and are onsequently extendedinto voids and pores [264℄. In suh mirohabitats, mirobes olonizing the surfaes ofmineral partiles [52; 53℄ an atively shape their environment. For instane, exopolysa-harides, whih were sereted in order to form bio�lms or as protetive barrier againstenvironmental stresses (e.g. droughts, antibioti substanes), an at as glue betweensoil partiles. As a result, miroaggregates might be formed [132℄ ating as reservoirs forsubstrates and mirobial refuge from predators. During ongoing pedogenesis these mi-roaggregates an be destruted or destabilized by the mirobial degradation of organimatter [97; 265℄. In addition, iron-oxidizing mirobes from the genera Thiobaillus or5



Introdution
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Fig. 1: Biogeohemial interfaes in the soilBiogeohemial interfaes and mirobial hotspots in the highly omplex and hierarhially strutured soil. ap = air �lledpores; b = baterial ommunities with diverse strutures; h = hyphae; mp = di�erent kinds of mineral partiles; om =organi matter; sw = soil waterFerroplasma an a�et the mineral phase further impating the stability of suh stru-tures. However, the mirobial ommunity not only in�uenes their environment, butis also impated by the mirohabitats vie versa. Due to biologial and non-biologialproesses like the entanglement of miroaggregates by �ne roots or fungal myelium aswell as drying/ wetting and freezing/ thawing phenomena, maroaggregates might beformed. In this respet, miro- and maroaggregates in turn a�et the distribution ofsubstrates, water or eletron aeptors and onsequently the abundane, ativity anddiversity of soil mirobial ommunities.In spite of various studies fousing on the rhizosphere (soil in�uened by root exudates)as well as the detritusphere (soil adjaent to and in�uened by plant litter material),mirobial proesses and ommunity struture at the biogeohemial interfaes are poorlyunderstood.
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Introdution3.3 Leaf litter degradationLeaf litter deomposition is an important proess in the reyling of arbon and nitro-gen and other essential elements. As revealed in several studies dealing with leaf litterdeay in terrestrial and aquati eosystems, the turnover of organi matter is harater-ized by two essential stages, di�ering signi�antly in their kinetis. In the early stage,whih ours within only few days and weeks, easy degradable ompounds (e.g. sugars,hemiellulose, ellulose and proteins) beome released and quikly metabolized by themirobial ommunity. It was shown in several studies, that fast growing bateria likeAidobateria [251℄ and Proteobateria play a dominant role in that stage [56; 59℄. Inonsequene of the mirobial ativity and leahing proesses, an immense loss of biomasswithin a relative short time period has been reported in several studies. For example,within six weeks of inubation a loss of almost 10% of the initial amount was monitoredin an experiment dealing with oak-leaf litter degradation [225℄. Furthermore, by analyz-ing mirobial ommunities during the deay of beeh and sprue plant material, Anejaet al. [9℄ ould demonstrate losses of more than 30% of the initial amounts within the�rst two weeks of inubation.With ongoing inubation, the hemial omposition of the litter material beomes mod-i�ed, resulting in high onentrations of realitrant ompounds (e.g. lignin), formingvery stable omplexes [188℄. Consequently, degradation is attenuated [10; 76℄. In thisstage, fungi like Basidiomyetes [115℄ and Asomyetes [198℄ beome dominant in thelater stage of litter degradation. Moreover, baterial speialists also ontribute to theturnover of realitrant ompounds. For instane, inreasing abundanes of Atinoba-teria were monitored during ontinuing leaf litter deay [209; 226℄ as those bateria areable to use lignin-derived ompounds [105℄. Despite the expeted ompetition of bate-ria and fungi for arbon and nitrogen, synergeti e�ets were reported also [71℄, wherefungi provide bateria with substrate reservoirs and new olonizing spae by maeratingleaf tissues with their growing hyphae [215℄.Besides the immense hydrolyti potential of litter degrading mirobes, litter deay isalso in�uened by the substrate quality [33; 60; 78; 92; 218℄. Espeially, the ratiosbetween ompounds like arbon, nitrogen and lignin impat litter degradation rates[1; 80; 119; 146; 174℄. For example, negative e�ets of high lignin ontents were shownearlier [36℄, as they an reat with ammonia or amino aids, resulting in a nitrogen deple-tion being detrimental for mirobial growth. Vie versa, several studies demonstratedthat elevated amounts of nitrogen an hamper the deay of lignin [101; 188℄. Litterdegradation is not only in�uened by substrate quality but by anthropogeni ativities7



Introdutionas well. For instane, the post-emergene herbiide 4-hloro-2-methylphenoxyaeti aid(MCPA) was shown to have derogatory e�ets on the mirobial ommunity strutureand the ativity of telluri enzymes [220℄. In onsequene, litter degradation rates ande�ienies might be redued.
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Introdution3.4 Aliphati hydroarbons and their role in natureAliphati hydroarbons like n-alkanes are highly abundant and ubiquitously distributedin the environment as a onsequene of anthropogeni and natural ativities. For exam-ple, large amounts are introdued to an eosystem via oil spills, petroleum explorationand transportation ativities as well as muniipal waste disposal. Contrarily, the trans-formation of deaying biomass to rude oil or petroleum gas during geohemial proessesalso ontribute to the alkane appearane. Furthermore, alkanes are atively produed bythe living biomass or during the mineralization of organi matter. The biggest naturalsoure of hydroarbons is represented by epiutiulary waxes, forming the ontat zonebetween plant leaves and the environment [100℄ as demonstrated in Figure 2. Besidelong-hained alohol esters, alkanes with a hain length between C16 and C37 [48; 86℄are a major omponent of these waxes whih are produed to form a barrier againstenvironmental stresses like phytopathogens or unontrolled water loss via evaporation[14; 66℄.

Fig. 2: Shemati ross setion of the herbal epiutile [49℄Cross setion of the herbal epiutile whih is omposed of the utile layer overing the epidermal ells. Epiutilar andembedded waxes overlaying and rossing the utile, to form a barrier against environmental in�uenes, are a large soureof middle- and long-hained alkanes.For example, inreased aumulation of utiular waxes in response to drought eventswere monitored during earlier studies of stress response in sorghum, tree tobao or dif-ferent Brassia speies [27; 12; 168℄. In addition, short hained alkanes like hexadeane,otadeane, eiosane and tetradeane were found to be the main seed oil alkanes in GCand GC-MS studies of 43 Leguminosae speies [120℄. The onentration and omposi-tion as well as the arbon isotopi ompositions of utiulary wax alkanes vary between9



Introdutiondi�erent plant speies and thus allow the di�erentiation of plant families and metaboliproperties like C3 and C4 plants. Di�erent C29/C31 ratios for Umbelliferae and Legu-minosae [135℄ as well as varying δ13C values (-35 %� to -40 %� for C3 and -15 %� to-25 %� for C4) [35; 177℄ were found in earlier studies. Furthermore, variations in thehigher plant n-alkane average hain length (ACL), whih desribes the average numberof arbons per moleule based on the abundane of odd-arbon-numbered n-alkanes inhigher plants [167℄, an be used to distinguish between vegetation types [38℄ or limationditions [88; 194℄.Beside plants, several studies ould show that miroorganisms (both prokaryotes and eu-karyotes) are able to synthezise aliphati hydroarbons for physiologial purposes. Forexample, Ladygina et al. [117℄ demonstrated sulfate reduing bateria and lostridiabeing apable of synthesizing extraellular hydroarbons whih appeared to be asso-iated with the formation of apsules proteting the ells from high onentrations ofexreted aids. Furthermore, long-hained alkanes from Pseudomonas �uoresens aresupposed to be involved in the autoregulation of ell adhesion to smooth surfaes aswell as the promotion of ell aggregation. Hara et al. [77℄ reported on the ability ofmarine zooplankton to produe hydroarbons as well. Anyhow, similar to the taxonomidetermination potential of the alkane omposition of utiulary waxes, hydroarbon on-�guration of mirobes was also assumed to be a hemotaxonomi riterion [95℄.The bioavailability of released n-alkanes is strongly dependent on their hain length,as the interation of hydroarbons with other ompounds is in�uened by the arbonnumber. In addition, short hained alkanes an be toxi, as they impair ell membranesating as solvents for ellular fats [202℄. On the ontrary, long hained alkanes an in-due the formation of oil �lms and sliks restriting the exhange of water, nutrientsand gases between miro- and maro-environments [121℄.
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Introdution3.5 Mirobial degradation of n-alkanesThe large variety of di�erent alkane speies ourring in the environment (e.g. short-,middle-, long-hained alkanes) as well as the supply of diverse eletron aeptors highlyimpat the mirobial uptake and mineralization and onsequently render a broad spe-trum of alkane degradative systems with overlapping substrate ranges. As summarizedin Figure 3, diverse systems were deteted, failitating the degradation of alkanes underaerobe, semi-anaerobe and anaerobe onditions. However, several studies in the lastdeades identi�ed bateria and fungi being the key players in the degradation of hydro-arbons. Contrarily, no hints or only santy data for a diret alkane metabolization byprotozoa and algae are available [179; 247℄. In an experiment fousing on the degrada-tion of hexadeane in a sandy loam soil, Song et al. [212℄ pointed out that 82% of themineralization of C16 were attributed to bateria and only a omparable minor frationwas related to fungal ativity. Despite this, fungi and in partiular yeasts are regardedto be established members of the alkane degrading soil mirobial ommunities [197℄.
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Fig. 3: Shemati overview of known alkane degradation pathwaysDue to di�erent availabilities of divers eletron aeptors, a broad spetrum of alkane degradative systems under aerobe,semi-anaerobe and ompletely anaerobe onditions have been developed. See text for detailed information about theindividual enzymes. pMMO = partiular Methane Monooxygenase, sMMO = soluble Methane Monooxygenase, PMO =Propane Monooxygenase, BMO = Butane Monooxygenase.Beside faultative alkane degraders, whih an also use other arbon soures, so-alledobligate alkanotrophs related to strains of Alanivorax borkumensis [190℄ and Thalas-solituus oleivorans [263℄ were found. These strains are able to grown on alkanes and afew related ompounds solely. However, strains harbouring multiple alkane hydroxylasesystems with overlapping substrate ranges were found to grow on short- (C1−C4) [207℄and very long-hained alkanes (C32) [216℄ as well. For example, A. borkumensis isolateswere found to ontain two, AlkB-related partiulate alkane hydroxylases (pAH) and two11



IntrodutionCYP153 enzymes [190℄. Furthermore, van Beilen et al. [235℄ learly demonstrated �vepAHs and two CYP153's in Rhodoous erythropolis HXN-2000. In a reent study, Liuet al. [127℄ reported on Alanivorax dieselolei B-5 harbouring two pAH's, a CYP153and an AlmA-like alkane hydroxylase failitating the use of alkanes up to C36. However,solubility of alkanes strongly dereases with inreasing hain length as Rojo [181℄ statedfor hexane and hexadeane, where solubility of C16 (10−10 M) was six orders of magni-tude lower ompared to C6 (10−4 M). During the last deades various pathways for thesensitive and e�etive uptake of hydroarbons by mirobes, irrespetive of the soure,have been monitored. For instane, the prodution of bioemulsi�ers and biosurfa-tants an improve the bioavailability of alkanes about 10 to 15 times by enhaning theadhesion between ell wall and aessible hydroarbons whih is shematially shown inFigure 4.

Fig. 4: Model for the uptake of alkanes in P. putida GPo1During diret attahment of the ells to the hydroarbon droplet, membrane omponents from the ell wall partition intothe apolar droplet (a). Alternatively, water-solubility of alkanes an be inreased by the extration of emulsi�ers as partof outer membrane vesiles (b) whih interat with the hydroarbon resulting in a omplete oating with an outer layerof hydrophili sugar hains () [256℄. OM = outer membrane, PG = peptidoglyan layer, CM = ell membraneA study by Beal and Betts [20℄ revealed an inreased solubility of n-hexadeane fromaround 2 µg L−1 up to almost 25 µg L−1 after the synthesis of rhamnolipids by Pseu-domonas aeruginosa PG201. However, hanges in membrane lipid ompositions andsubsequently inreasing hydrophobiities of ell surfaes an also bene�t the inrease12



Introdutionof alkane di�usion into the ell [20; 252℄. In addition, a solubilization of hydroarbondroplets by enapsulating them in membrane mirovisiles (Fig. 4), whih are subse-quently taken up into ells via ative proesses was also demonstrated [111; 203℄. Severalstudies proposed that modi�ations of the ell envelope like the invagination of mem-branes [199℄, the prodution of �mbriae [58; 184℄ or an inreased ontent of lipopolysa-harides [256℄ ould failitate the adherene to hydroarbon droplets and onsequentlysupport the utilization of alkanes.Next to e�etive uptake mehanisms, the mirobial alkane degradation e�ienies (6%to 82% in fungi [96℄, 0.13% to 50% in bateria [160℄) are also strongly dependent ondi�erent environmental onditions. In this respet, Smith et al. [206℄ supposed theoptimization of the C:N:P ratio to be the most powerful tool for an enhaned biore-mediation of alkanes. Additionally, high mineralization rates were found at a soil pHbetween 5 and 7.8 [44℄ further inreased by the soil moisture, the salinity, the amount ofoxygen as well as the terrestrial nutrient status [75℄. Furthermore, the soil temperatureis highly relevant for degradation as oil visosity inreases at low temperatures [121℄with ongruent dereasing hydroarbon distribution in the soil matrix vie versa [250℄.In parallel, Bartha and Bossert demonstrated an optimal degradation rate between30 ◦C and 40 ◦C [19℄. Due to the fat that n-alkanes are relatively inert, with long-hained alkanes being more resistant to degradation than alkanes with low arbon num-bers (e.g. methane), ativation is needed. This ativation is ahieved during variousalkane degradation pathways, signi�antly di�ering under oxi and anoxi onditions(Fig. 3). As a result of their immense importane, the pathways will be highlighted indetail in the following hapter.Aerobe alkane degradationIn environments with su�ient oxygen supply, alkane degraders were found to be presentamong prokaryotes, eukaryotes and arhaea, whih are summarized in Table 1. In 2007,Beilen and Funho� [234℄ proposed three ategories of unrelated enzyme systems whihare relevant for the aerobe mirobial alkane metabolisation failitating the degradation ofshort- (methane monooxygenase-like enzymes), middle- (AlkB-related and ytohromeP450 enzymes) as well as long-hained alkanes (enzymes with rare data identi�ed aslong-hained alkane degrading enzymes ("LADE") in this thesis).
13



IntrodutionBateria Yeast Fungi Arhaea AlgaeAhromobater Candida Aremonium Halobaterium PrototheaAinetobater Cryptoous Aspergillus HaloferaxAgrobaterium Debaryomyes Cladosporium HaloousAlanivorax Hansenula CorollasporiumAlaligenes Pihia CunninghamellaBaillus Rhodotorula DendryphiellaBrevibaterium Saharomyes FusariumBurkholderia Sporobolomyes GlioladiumCorynebaterium Torulopsis GongronellaDietzia Trihosporon LulworthiaFlavobaterium Yarrowia PeniilliumGeobaillus VariosporaMiroous VertiilliumMyobateriumNoardiaPseudomonasRhodoousSphingomonasStreptomyesXanthomonas... ... ... ... ...Tab. 1: Aerobe alkane degrading bateriaMiroorganisms whih are able to degrade aliphati hydroarbons like n-alkanes aerobially [6; 29; 217; 234; 237; 249℄Methane monooxygenase-like enzymesGaseous alkanes in the range of C2−C5 an be oxidized by two methane monooxygenasesas well as the propane and butane hydroxylases whih are all strongly related to eahother. Whereas the membrane-bound partiular monooxygenase (pMMO) seemed tobe restrited to alkanes shorter than C6 [126℄, bateria harbouring the soluble methanemonooxygenase (sMMO) were found to grow on alkanes with a hain length up to C10[16℄ also. However, ability of bateria harbouring propane monooxygenases (PMO) andbutane monooxygenases (BMO) to grow on alkanes larger than C5 was also shown forGordonia sp. TY-5 (C2−C8) and Pseudomonas buntanovora ATCC 43655 (C3 andC13−C22), respetively [110; 205℄.
14



IntrodutionCytohrome P450 enzymesMembers of the ytohrome P450 superfamily are found in all three domains of lifeand onstitute more than 4000 enzymes whih an be subdivided into over 100 families[136; 239℄. Remarkably, more than 80% of these enzymes are related to eukaryotes,whereas only a frational amount is assumed to be present in prokaryotes [239℄. Despitethis, only a few enzymes being involved in the alkane degradation have been monitoredso far, whih were divided into two sublasses (lass I, II) signi�antly di�ering in theirstruture and substrate range. The baterial ytohrome CYP153 (lass I) is harater-ized by a three-omponent system onsisting of the ytohrome itself, a ferredoxin anda ferredoxin redutase for the transfer of eletrons and oxidizes C4−C16 alkanes [136℄.On the ontrary, the funtionally orresponding fungal ytohrome CYP52 (lass II)atalyzes the oxidation of alkanes with a hain length of C10−C16 [37℄ is only omposedof the membrane-bound ytohrome and a redutase.AlkB-related monooxygenasesThe alkane monooxygenase gene alkB, enoding the orresponding monooxygenase, was�rst desripted in detail by Chakrabarty et al. [30℄ who analysed its transription reg-ulation in Pseudomonas putida (formerly P. oelovorans) during its growth on n-otaneand substrates beyond. Conjugational transfer experiments proposed a loation of alkBon the so-alled OCT (otane utilizing) plasmid [31; 109; 242; 236℄. In ontrast to thoseinitial analyses, other studies also demonstrated multiple hromosomal opies of alkBin a large variety of alkane degrading bateria. For example, two to three hromosomalgene opies have been found in di�erent strains of P. aeruginosa inluding PAO1 andATCC17423 [207; 243℄. Furthermore, van Beilen et al. [238℄ ould demonstrate four to�ve paralogues in strains of Rhodoous erythropolis. Interestingly, the transription ofthese paralogues genes is stritly regulated and strongly dependent on i) the hain-lengthvariations of the substrates [208℄, ii) di�erent growth phases [141℄ and iii) distint a�ni-ties for various alkane speies inluding non-linear aliphati or aromati alkanes [239℄.Besides this, the expression of alkB was also found to be dependent on di�erent alkanederivates like alkanols, aldehydes or fatty aids [70; 140℄. In addition, transformation ofalkenes and alohols to epoxides and aldehydes as well as the demethylation of branhedmethyl esters and sulfoxidation of thioesters atalyzed by the alkB transription produtwas also demonstrated [98; 99; 142; 143; 144; 241; 256℄.Unfortunately a distint desription of the protein struture of AlkB is still missingsine rystallization experiments to proof the theory failed up to date. However, early15



Introdutionresults suggested six transmembrane domains, represented by gray barrels in Figure 5,forming a hexagonal tube whih spans the ytoplasma membrane, with 60 - 65% of thetotal protein being loated within the ytoplasma. The AlkB protein harbours two ironatoms in its atalyti entre being enlosed by four highly onserved histidine motifesas shown earlier by Shanklin et al. [200℄.

Fig. 5: Substrate range disrimination and ellular orientation of AlkBA tryptophan residue at position 55 determines substrate a�nity in P. putida. A substitution with less bulky aminoaids hanges the a�nity to alkanes. See text for explanation. H, histine; Fe, iron atom [180℄.Anyhow, Beilen and olleagues [233℄ ould demonstrate that the substrate range of AlkBis determined by a tryptophan in the middle of the hexagonal tube (amino aid position55 and 58 in P. putida and A. borkumensis respetively) preventing longer alkanes tofully enter the atalyti enter (Fig. 5). With the substitution of this tryptophan byless bulky amino aids (e.g. serine, ysteine) alkane substrate ranges of AlkB an beprolonged to alkanes with a hain-length of 16 arbons without loosing the ability tohydroxylize C5 - C12 [180℄.The alkane degradation via the AlkB-related pathway is failitated by proteins withdi�erent regulatory and atalyti funtions. As summarized by Beilen et al., the genesenoding the orresponding proteins are lustered in two distint open reading frames(ORF's). The ORF's alkST and alkBFGHJKL inlude the alkane monooxygenase(AlkB) itself, two rubredoxins (AlkG, AlkF), the rubredoxin redutase (AlkT), an alo-hol and aldehyde hydroxylase (AlkJ, AlkH), a putative substrate transporter (AlkL) aswell as the transription regulator AlkS. Several studies analyzing the funtion of AlkSould demonstrate a positive expression regulation of both reading frames [28; 47; 156℄.16



Introdution

Fig. 6: Component struture of the AlkB-related alkane degradative system [236℄The AlkB-related alkane degradative system onsists of an integral membrane bound alkane hydroxylase, a rubredoxin andits orresponding redutase. Eletrons for the alkane hydroxylation are transferred from NADH to AlkB via sequentialredox-reations.However, during sequential redution and oxidation of rubredoxin and the orrespondingredutase, eletrons from NADH are transferred to AlkB, as shown in Figure 6, andonsequently used for the terminal and subterminal hydroxylation of alkanes [181℄. Theresulting primary and seondary alohols [260℄ are further proessed to bi-arboni aids,suinyl-CoA or aeti aids whih an be used in turn as substrates for the β-oxidationor the triarboxyli aid (TCA) yle, respetively. The whole proess of aerobe alkanedegradation using the alkane monooxygenase AlkB as the atalysator for the initialreation is summarized in Figure 7.

Fig. 7: Aerobe alkane degradation via the alkB-related pathway [181℄Under aerobe onditions aliphati n-alkanes are oxidized by AlkB at terminal or subterminal position. Resulting primaryand seondary alohols are further metabolized to bi-arboni aids, suinyl-CoA and aeti aid whih are in turnsubstrates for the β-oxidation or the TCA yle. 17



IntrodutionLong-hained alkane degrading enzymes (LADE-enzymes)In the last years alkane degrading systems, whih are neither related to the ytohromeP450 superfamily nor AlkB-related enzymes nor to methane monooxygenase-like pro-teins, were monitored. These enzymes are ative in mirobes growing on very longhained alkanes with up to 36 arbons. Throne-Holst and olleagues [223℄ desribed a�avin-binding monoxygenase (AlmA) in Ainetobater strain DSM 17874 whih enabledgrowth on C20 - C32 alkanes. Gene homologues to almA were also found in Ainetoba-ter sp. M1 and A. borkumensis SK2. Furthermore, another hydroxylase (LadA) fromGeobaillus thermodenitri�ans NG80-2 generated primary alohols from alkanes witha hain length of C15 - C36 [57℄.Anaerobe alkane degradationContrary to environments with su�ient exhange of the gaseous phase, anoxi on-ditions might be reahed as a result of di�erent fators. For example, high mirobialativity with inreased oxygen onsumption or the depletion of dioxygen during theturnover of substrates might lead to environments with low oxygen. In addition, thesaturation of soils with water an also interfere with gas exhange. In suh environmentsonly a few speialized alkane degrading miroorganisms have been found so far, whihare summarized in Table 2.Bateria ArhaeaDesulfoglaeba MethanobateriumDesulfosarina/Desulfoous Cluster MethanoousDesulfovibrio MethanomirobialesDesulfothermus Methanosaetastrain AK-01 Methanosarinalesstrain Hxd3 Methanosphaerastrain HxN1strain ON1strain Pnd3strain TD3... ...Tab. 2: Anaerobe alkane degradersMiroorganisms whih are able to degrade aliphati hydroarbons like n-alkanes under anaerobe onditions [4; 5; 42; 43;50; 51; 83; 108; 185; 201; 211; 254℄ 18



IntrodutionInterestingly, little is known about the mehanisti pathways of anoxi alkane degrada-tion. However, several studies in the last deades, fousing on baterial alkane degraders,revealed two mehanisti pathways for alkane degradation without oxygen as demon-strated in Figure 8. On the one hand, ativation of inert hydroarbons is done by theterminal or subterminal addition of arbon dioxide [210℄. On the other hand, the attah-ment of fumarate to the same positions, was also shown to be an approah for ativation[181℄. In both pathways, sulfate and nitrate were found to be simultaneously used aseletron aeptors [26; 42; 108; 113; 254℄. Despite these pathways might represent thepredominant alkane turnover proesses in marine sediments, degradation ours at neg-ligible rates only and is therefore widely regarded as being of minor eologial relevane[121℄.
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Fig. 8: Baterial anaerobe degradation of alkanesModi�ed mehanisti pathway for the anaerobe alkane degradation [181; 210℄. Ativation of the inert n-alkanes isaomplished by the addition of fumarate (A) as well as arboxylation (B) with onurrent redution of sulfate andnitrate.However, Mehboob and olleagues [145℄ presented data whih possibly point to an ex-traordinary degradation pathway whih might link the aerobe and anaerobe alkane me-tabolization. They ould demonstrate that Pseudomonas hloritidismutans AW-1T wasable to use oxygen or hlorate as eletron aeptors during growth on middle-hainedn-alkanes, but unable to redue nitrate or sulphate, whih is re�eted in Figure 9. Un-der partially anaerobe onditions hlorate redution renders hlorite whih is furtherproessed to Cl� and O2 by hlorite dismutase [178; 257℄. The released oxygen might besubsequently used for the hydroxylation of alkanes by oxygenases.
19



Introdution

Fig. 9: Hypothetial pathway of alkane degradation under semi-anaerobe onditionsDuring the redution of hlorate, moleular oxygen beomes released whih an be used in turn for the ativation ofalkanes and their subsequent degradation via the aerobe degradation pathway [145℄
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Introdution3.6 Detetion of funtional diversity in soilsKnowledge about the funtional diversity is substantial, when targeting the mirobialdegradative potential in soils. Sine only a marginal fration of soil bateria an beultivated [94; 228℄, phylogenti analyses need to be done with ultivation independentapproahes. As demonstrated in Figure 10, funtional diversity an be determined ondi�erent sales. For instane, detetion of funtional genes indiate the geneti poten-tial of a mirobial ommunity, whereas analyses of the orresponding messenger RNA(mRNA) supplies reliable data about the ativity status. However, sine the tran-sription of genes is strongly impated by post-transriptional modi�ation and otherspatial-temporal fators (e.g. availability of nutrients, position of ompetitors), life timeof mRNA is limited and onsequently re�ets only a snapshot of ativity.

  

Genome

(DNA)

Transcriptome

(mRNA)

Proteome

(Proteins)

Microbial

Potential

Microbial

Function

Fig. 10: Di�erent sales for assessing funtional diversityThe detetion of funtional diversity an be aomplished on di�erent sales inluding the genome, transriptome andproteome of a mirobial ommunity. Modi�ed after Shloter et al. [196℄.Therefore, analyses on protein level give more insights about the potential ativities.For the analysis on nulei aid level, two fundamental strategies for the isolation ofDNA and RNA exist [81℄. Extration of nulei aids is either done after the ell sepa-ration from the soil matrix [84℄ or diretly within the soil samples [182℄. The �rst wouldminimize ontaminations by humi substanes, whih ould hamper downstream appli-ations like PCR [230℄ or enzymati digestion [84; 91; 231℄. Sine ell separation ould beine�etive due to mirobes trapped in soil miroaggregates, the proedure ould resultin a loss of information. The latter is more feasible and extration of DNA and RNAis subsequently done by using phenol-hloroform extration methods or by ommerial21



Introdutionkits. In addition, after the isolation and appropriate puri�ation, mRNA is frequentlyreverse transripted, to gain stable DNA.Knowledge about the dynami of funtional genes and respetive transripts ontributesto the mehanisti understanding of proesses in soils on the mirosale. Quanti�ationis thereby done using two basi tehniques, di�ering signi�antly in their detetionmethod and auray. On the one hand, opy numbers an be determined by usingstatisti-based most probable number polymerase hain reation (MPN-PCR), wheresignal aquisation is done after the reation was ompleted. By using sequential dilutionsof PCR reation mixtures, whih are done in three or �ve repliates, the number ofmixtures yielding a signal after PCR are monitored. Gene abundanes are subsequentlyalulated with tables, whih were �rstly desribed by Cohran [34℄ for the estimationof baterial densities in liquid ultures. Despite this method being suessfully used forthe quanti�ation of di�erent genes (exemplarely [159℄), de�nition of signals is stronglyin�uened by the subjetive setting of the signal threshold. As a result data an bebiased, as abundanes might be under- or overestimated.On the other hand, �uoresene dye- or �uorophore-based real-time PCR allows an on-line signal aquisition diretly during the PCR run. For this, signals are deteted atthe end of eah yle. In general, three di�erent hemistries an be used for quanti�a-tion: i) �uoresene dyes (e.g. Sybr®Green) whih bind double strand DNA or DNA,ii) �uorohromes bound to sequene-spei� probes (e.g. TaqMan®-PCR [85℄) and iii)�uorohromes bound to primers [267℄. Quanti�ation an either be relative in om-parison with other samples or absolute by using serial dilutions of plasmids ontainingthe template. As signal strength is positively orrelated with template amounts, geneopy numbers an be alulated by signals exeeding a ertain threshold. Althoughthis tehnique is frequently used in mirobial eology, su�ient quanti�ation is in�u-ened by various fators. For instane, ampli�ation e�ienies might be redued inase of amplions signi�antly exeeding 500 bp [158℄ or by the presene of inhibitors(e.g. humi aids, pestiides). Furthermore, measurements of gene opies using Sybr®Green an be biased, beause it interalates double stranded DNA, whih results in thedetetion of primer dimers. Anyhow, with the quanti�ation of genes and transriptsonly the geneti potential and the transriptional status of a mirobial ommunity anbe assessed.To answer the question, if mRNA is translated to proteins, the respetive atalytienzymes have to be analysed. Sine protein detetion in soils is still hallenging, fun-tional diversity on the proteomi sale was indiretly determined in most studies done so22



Introdutionfar. For instane, by measuring respiration rates and the ativity of dehydrogenases orlipases [61; 139℄, onlusions an be made onerning the mirobial ommunity stru-ture of hydroarbon ontaminated soils. However, reports on the in situ detetion ofspei� enzymes by using antibodies labeled with i) �uoresene dyes, ii) gold partilesor iii) alkaline phosphatases are still rare. It was therefore one aim of the present thesis,to produe antibodies against AlkB in order to monitor the spatial distribution of thisprotein in the soil matrix.
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Introdution3.7 Aims and hypothesesIn soils, organi and anorgani partiles with di�erent sizes and shapes interat witheah other and form highly strutured matries. In suh matries the distribution ofsubstrates, water and eletron donors is strongly in�uened by di�erent physiohemi-al interations with minerals resulting in pathy arrangements. Consequently, dispersaland ativity of mirobes is also extremely heterogeneous and an hange within a rangeof several µm only. Despite many studies examining the spatial distribution of miro-bial onsortia in the detritusphere, knowledge about the distribution patterns of alkanedegraders within the bulk soil matrix is still rudimental. Due to the redued mobility ofn-alkanes, distribution of these mirobes might be di�erent in 1 and 10 mm soil depth.It was therefore the aim of the present study, to analyse the abundane and ativity ofalkane degraders in a spatial-temporal manner. On this basis, alkB -harbouring bateria,whih are representatives of alkane degrading mirobes, were deteted on the mm-salein the detritusphere of di�erent soils during the deomposition of litter material. Fur-thermore, it was tested if divers soil, litter and ompartment types have an impat onthese bateria. In addition, the use of herbiides for weed ontrol might also impatthe dynami and ativity of alkane degrading mirobes. In this ontext, the followinghypotheses have been proposed and tested.I. During the deay of plant litter material, a gradient of alkB -harbouring bateriais formed in the detritusphere, whih is dependent on the bioavailability of litterderived alkanes.II. The abundane of alkB genes and orresponding transripts is thereby not onlyin�uened by the soil and ompartment type, but also impated by the litter typein relation to varying alkane quantities and qualities, as well as hanging C:N ratios.III. Presene and ativity of alkane degraders harbouring alkB is di�erentially in�u-ened by various soil minerals onstituting distint physio-hemial properties.IV. During the evolution of soils baterial onsortia are formed, resulting in inreasedresponse to the supply of litter derived alkanes.V. The appliation of 2-methyl-4-hlorophenoxyaeti aid (MCPA), whih is a po-tential inhibitor for enzymati ativities in soils, has a derogatory e�et on alkB -harbouring bateria. This e�et is onsequently re�eted by a feedbak redutionof alkB genes and transripts. 24



IntrodutionIn order to verify these hypotheses, three di�erent soil miroosm experiments havebeen onduted, where litter of maize, pea and wheat was used as natural alkane soure.Thereby, miroosms with sandy-loamy and silty-loamy soils as well as mixtures ofdi�erent soil minerals, re�eting natural soil ompositions, were used. Three di�erentmiro-habitats (litter, litter-soil-interfae and bulk soil) were sampled to analyse theamount of alkB DNA and mRNA at di�erent soil ompartments. The obtained datawere related to the total bateria by additional quanti�ation of rpoB and 16S rRNAgenes. To analyse the e�et of herbiide appliation, the model ompound MPCA wasapplied to some miroosms. The ampli�ation e�ieny, whih is diretly linked toa su�ient quanti�ation of the alkB genes from di�erent strains was improved bymodifying the respetive primers and PCR protools (Publiations I and II). For thepurpose of analysing the spatial distribution of the alkane monooxygenase in the soilmatrix, antibodies against AlkB should be prepared.
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Material4 Materials and Methods4.1 Materials4.1.1 Chemials and proteinsCompound CompanyAHT (anhydrotetrayline) IBA GmbH, GermanyBCIP (5-bromo-4-hloro-3-indolylphosphate p-toluidine salt) AppliChem, GermanyBSA (bovine serum albumin) Sigma-Aldrih, GermanyBsaI New England Biolabs, GermanyCaCl2 Sigma-Aldrih, GermanyChlorampheniol Sigma-Aldrih, Germanyn-DDM (n-dodeyl-β-D-maltoside) Sigma-Aldrih, GermanyDEPC (diethylpyroarbonate) Sigma-Aldrih, GermanyDMF (dimethylformamid) AppliChem, GermanyEDTA(ethylenediaminetetraaeti aid) Sigma-Aldrih, GermanyEthanol Merk, GermanyGeneSan�500 ROX� Applied Biosystems, USAGlyine Sigma-Aldrih, GermanyGoat-anti-Rabbit-IgG Sigma-Aldrih, Germanyn-hexane Merk, GermanyHpyCH4V New England Biolabs, GermanyMCPA(4-hloro-2-methylphenoxyaeti aid) Sigma-Aldrih, Germany
β-Meraptoethanol Sigma-Aldrih, GermanyNaCl Sigma-Aldrih, GermanyNaN3 AppliChem, GermanyNa2SO4 Sigma-Aldrih, GermanyNBT(nitro-blue tetrazolium hloride) AppliChem, GermanyPEG-6000 (polyethylene glyol-6000) Fluka, GermanyPfu-Polymerase Invitrogen, GermanyPoneau-S Sigma-Aldrih, GermanyPower Sybr®Green Master Mix Applied Biosystems, USA 26



MaterialSDS (sodiumdodeylsulfate) Fluka, GermanySuperSript® II Reverse Transriptase Invitrogen, GermanyT4 DNA-Ligase Fermentas, GermanyTaq-Polymerase Fermentas, GermanyTaq-PCR Master Mix Qiagen, GermanyTris(2-amino-2-hydroxymethyl-propane-1,3-diol) Merk, GermanyTriton®X-100 AppliChem, GermanyTween® 20 Sigma-Aldrih, Germany4.1.2 Kits for nulei aid extration and puri�ationKit CompanyAllPrep DNA/RNA Mini Kit Qiagen, GermanyNuleoSpin®Plasmid Kit Maherey-Nagel GmbH, GermanyWizard® SV Gel &PCR Clean-Up System Promega, GermanyQIAquik PCR Puri�ation Kit Qiagen, Germany4.1.3 OligonuleotidesPrimer 5' → 3' sequene1,2,3 Referene
real-time PCR alkB1f AAYACNGCNCAYGARCTNGGNCAYAA [107℄alkB1r GCRTGRTGRTCNGARTGNCGYTG [107℄16Sf GGTAGTCYAYGCMSTAAACG [15℄16Sr GACARCCATGCASCACCTG [15℄rpoBf AACATCGGTTTGATCAAC [41℄rpoBr CGTTGCATGTTGGTACCCAT [41℄
antibody prodution anti-for1 AGATCGGGTCTCAGCGCATGTTTGCCTCGCTTTCCT (this study)anti-for2 GCCCACAAGACCCGCTGG (this study)anti-rev1 CGTCGTGGTCTCATATCAGATGCGCTGGGTGTCGG (this study)anti-rev2 CCAGCGGGTCTTGTGGGC (this study)

1) itali bases have been substituted with an inosine
2) underlined bases represent BsaI restrition site
3) bold bases represent point mutation to mask BsaI restrition site
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Methods4.2 Methods4.2.1 Soil miroosm experimentsIn the three di�erent inubation experiments, whih are displayed in detail in the follow-ing setions, miroosms have been designed and prepared as shown in Figure 11. Allprepared soil olumns were pre-inubated in the dark for two weeks at a temperature of14 ◦C in order to equilibrate the soils and restore mirobial ativity. After pre-inubation,the miroosms were overed with small piees (25 mm2) of fresh litter material from var-ious soures (Fig. 11) and inubated under spei� onditions. The litter was sampledat the same researh site desribed in experiment 1 (see setion 4.2.1.1). To eliminatethe potential photodegradation of litter materials [13; 25℄, the inubation experimentswere done under exlusion of light.
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Fig. 11: Shemati overview of the soil miroosm experimentsA) Undisturbed soils (Euri Cambisol, Luvisol) were overed with litter of maize or pea plants, B) Soil olumns withdi�erent arti�ial soil mixtures (in eah ase one) were overed with litter of wheat, C) Destrutively sampled Luvisolsoil was mixed with MCPA and overed with pea litter. The sampled ompartments and the partiulate analyses donein eah experiment are indiated. i = litter ompartment, ii = litter-soil interfae ompartment (0-3 mm), iii = bulk soilompartment (10-13 mm). Note that in experiment 3 (C) indiations represent 0-3, 3-6 and 6-9 mm soil depth respetively
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Methods4.2.1.1 Dynami of alkB genes in di�erent soil ompartments (E1) of twoarable soilsIn this experiment the dynamis of alkB genes and transripts in relation to the totalbateria (rpoB genes) were analysed in two arable soils with undisturbed struture. Forthis, 96 soil ores (48 ores eah soil type) were taken from the top 5 m of a sandy-loamy and a silty-loamy soil at the agriultural researh farm "Klostergut Sheyern"(www.helmholtz-muenhen.de/sheyern), loated 45 km north of Munih. The samplingwas done in autumn 2008 after the harvest of maize (Zea mays L.) and alfalfa (Mediagosativa L.), respetively, by using soil augers made of stainless steel (diameter 5 m, height5 m). After sampling, the urrent soil moisture as well as the soil pH (using 0.01 MCaCl2) were determined. Beside these parameters, Table 3 summarizes the texture ofthe two soils, whih was previously determined in 2003 by using a protool of Sinowski
& Auerswald [204℄. Soil lassi�ation was done after a guideline of the World RefereneBase for Land Resoures [259℄.Soil type Sand Silt Clay pH mWHC(%) (%) (%) (CaCl2) (%)Euri Cambisol (sandy-loamy) 55.2 31.4 13.4 5.9 29.9Luvisol (silty-loamy) 18.0 60.0 21.4 6.1 34.4Tab. 3: Parameters of the soils used in experiment 1Top soil samples were taken from two arable soils and used for miroosm experiments. Soil texture was determined in2003 after a protool of Sinowski & Auerswald [204℄. Soil lassi�ation was subsequently done after the World RefereneBase for Land Resoures [259℄. The measurement of soil pH and moisture was done diretly after the top soil sampleshave been taken.Before the miroosm experiment started, soil ores were equilibrated for two weeks at14 ◦C and 55% of the maximum water holding apaity (mWHC) to reset mirobialativity. Three ores of eah soil type were sampled after equilibration and served astime point zero treatments (T0). Nine soil ores of eah soil type were inubated with1 g dry weight (dw) of fresh litter material from maize (Zea mays L., EC60), respetivelypea (Pisum sativum L., EC60) whih was applied arefully on the top of the soil ores.Additionally, for eah litter and soil type nine ores were inubated using litter materialin nylon litterbags (1 g litter material per bag; 50 µm mesh size of the bags), whihwere arefully overed by soil to determine litter degradation rates. Nine ores of eahsoil type without litter addition served as non-litter ontrols (NLC). All ores wereinubated in the dark up to 30 weeks at a onstant temperature of 14 ◦C and a soilmoisture of 55% of mWHC. Sampling of three soil ores per treatment (sand-pea; sand-29



Methodsmaize; sand-ontrol; silt-pea; silt-maize; silt-ontrol) was performed two (T1), eight (T2)and 30 (T3) weeks after litter addition. For eah sampling three ompartments (litterlayer, litter-soil interfae and bulk soil 1-1.5 m below the interfae) were sampled fromeah ore and treated as true repliates from the treatments. To obtain the litter-soilinterfae, the remaining litter material was arefully removed with a pair of foreps andthen arefully sampled using a lean spatula up to a depth of 2-3 mm below the litterlayer. All taken samples were immediately shok frozen in liquid nitrogen and stored at-80 ◦C for moleular analysis. For the determination of litter degradation rates, litterbags were removed from the soils of the orresponding treatments at T1, T2 and T3.After air drying the litter material mass losses were determined gravimetrially.
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Methods4.2.1.2 Dynami of alkB genes in arti�ial soils (E2)*,�To gain more insights into the mehanisms of BGI formation in dependeny of singleompounds of the �ne fration (< 6.3 µm partile size), miroosm experiments witharti�ial soils were onduted (Fig. 11B). Eight various soil ompositions (Tab. 3) dif-fering in their �ne fration and subsequently in the size of pores were prepared in orderto simulate various hemio-physial onditions of natural soils. The soils were subse-quently supplied ones with sterilized manure as sole arbon soure (15 mg C g−1 soil)and inoulated with a water extration of an Eutri Cambisol soil (Ultuna, Sweden) forthree and twelve months (pre-aging) as reently desribed [79℄. During the inubation,the soils were supposed to form organi-mineral omplexes with evolution of spei�baterial onsortia. Nevertheless, due to the frequent mixing of the soils in order togain homogeneous distributed soil moisture, no formation of soil layers was expeted.However, after the pre-aging of the mixtures, 24 miroosms (three for eah soil mixtureand pre-aging time respetively) were prepared by stratifying the pre-aged soils (1 mlayer thikness) on a sandy drainage layer using trunated 50 mL falon tubes (3 mdiameter) as shown in Figure 12.

sand drainage

iii            

ii             artificial soil

micture

winter wheat

Fig. 12: Design of soil miroosms in experiment E2After the addition of wheat (Tritium aestivum L.) litter, samples were taken from the litter-soil-interfae (ii) and thebulk soil ompartment (iii) at the beginning and after two weeks of inubation (T1).
*The experiment was part of two bahelor theses (S. Ammermüller, K. Linnemann) under my supervision�Preparation of arti�ial soils and subsequent pre-aging were done by G. Pronk and K. Heister (Chairof Soil Siene, TU Münhen) 31



MethodsThe prepared soil olumns were subsequently overed with litter of wheat (Tritiumaestivum L., EC25) and inubated for two weeks at a temperature of 14 ◦C. Duringthe whole inubation the soil moisture was determined gravimetrially and kept at 55%of mWHC. At the beginning (T0) of the experiment bulk soil samples from the pre-aged soils were taken as T0, whereas the litter-soil-interfae (0-1 mm) and the bulk soilompartment (10-11 mm) were sampled after two weeks of inubation (T1) as indiatedin Figure 12. In this experiment only the abundane of alkB genes at the di�erentompartments was analysed.
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Methods4.2.1.3 Dynami of alkB genes in a MCPA ontaminated soil (E3)*During the agriultural use of 4-hloro-2-methylphenoxyaeti aid (MCPA) for weedontrol, only minor frations diretly reah the plants. The majority is rinsed from theleaves during rain fall or irrigation or diretly enters the soil during its dispersion. Inthis experiment, a possible in�uene of MCPA on the abundane of alkB -harbouringbateria, whih would bene�t from the elevated litter derived alkane amounts as a on-sequene of MCPA indued plant death, was analysed (Fig. 11C) in relation to the totalbaterial ommunity (16S rRNA genes). Therefore, sieved (< 2 mm) top soil samples(0-5 m) whih have been ompated to a density of 1.2 g m−3 were used to prepare32 miroosms in total as demonstrated in an earlier experiment from Poll et al. [164℄and shematially shown in Figure 13.

Fig. 13: Design of soil miroosms after Poll et. al [164℄.During inubation, prepared soil miroosms were weekly irrigated with 0.01 M CaCl2 solution. The NaOH reservoir ouldbe potentially used for measurement of mirobial CO2 prodution, whih was not aomplished during this experiment.In experiment E3 the same silty soil was used as in E1 (Tab. 3), whih was takenin Deember 2009 after the harvest of wheat (Tritium aestivum L.). However, afterthe pre-inubation 16 soil miroosms were spiked with 50 mg g−1 soil (dw) MCPA,whereas the remnants reeived only water and served as non-ontaminated ontrols. Allores were inubated 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 andolleagues from the Institute of Soil Siene and Land Evaluation (University of Hohenheim) 34



MethodsEC63), whih was ating as natural alkanes soure. A soil moisture orresponding toa water sution of -63 hPa was maintained by weekly irrigation with a solution of 0.01M CaCl2. Prior the di�erent soil ompartments were sampled at the beginning (T0)and after one (T1), three (T2) and six (T3) weeks of inubation, soil olumns werefrozen to failitate exat sampling by using a ryostat mirotome (HM 500M, MICROMInternational GmbH, Germany). The di�erent soil ompartments were sampled in thefollowing distanes to the litter: 0-3 mm, 3-6 mm, 6-9 mm.
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Methods4.2.2 Nulei aid extrationDNA and RNA have been o-extrated by using a protool after Gri�ths et al. [69℄.This protool was found to be suitable for the extration of soil and plant litter relatednulei aids. In order to optimize the yield of DNA and RNA, the protool was mod-i�ed by Töwe et al. [232℄. In detail, 0.5 g of fresh litter material were extrated inlysis tubes (PreCellys Cerami Kit, Peqlab, Germany) with 0.5 mL extration bu�erontaining etyl trimethylammonium bromide and the same volume of a mixture ofphenol, hloroform and isoamyl alohol (25: 24: 1) (pH 8.0). In ontrast to Töwe etal. no β-meraptoethanol was added to the extration bu�er. The samples were sub-sequently lysed by using the Preellys®24 Homogenizer (Peqlab, Germany) for 2 x 30se., resulting debris were pelleted during entrifugation at 4 ◦C and 16,100 x g for 5min. The resulting aqueous phase was reovered and mixed with an equal volume of amixture of hloroform and isoamyl alohol (24: 1) by vigorous shaking to remove phenolresidues. After a seond entrifugation this puri�ation step was repeated. Afterwardsnulei aids were preipitated by adding one volume of a preipitation solution (10%PEG 8000, 1.2 M NaCl), inubation on ie for 2 h and entrifugation for 10 min. at4 ◦C. To remove the polyethylenglyol and the sodium hloride whih would interferewith downstream appliations, the resulting nulei aids were washed in ie-old 70%ethanol and preipitated again by entrifugation (10 min., 4 ◦C). After air drying, thepellet was resuspended in 50-100 µL nulease-free water. DNA and RNA were separatedby spin olumns using the AllPrep DNA/RNA Mini Kit (Qiagen, Germany) followingthe manufaturer's instrutions.Quality and quantity of the seperated nulei aids were subsequently determined spe-trophotometrially at 230, 260 and 280 nm (Nanodrop® ND-1000, Peqlab, Germany).In addition, the quality of the RNA was tested by sreening for DNA residues. For thispurpose RNA extrats were used as template for PCR with 16S rRNA spei� primers(see 4.1.3). To overome the false-positive signals for 16S rRNA genes whih an our inPCRs performed with Taq-polymerase [172℄, a more spei� Pfu-polymerase was used.Sine no signals ould be deteted after gel eletrophoresis, the used nulei aid sepa-ration method was found to be su�ient. First strand DNA was therefore synthesizedwith SuperSript® II Reverse Transriptase using 1 pmol of random hexamer primer.
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Methods4.2.3 Optimization of alkB-spei� primers and PCR reation mixturesIn 2006, Kloos and olleagues [107℄ proposed a set of primers whih overed a broadrange of di�erent alkB -harbouring bateria (refer to setion 4.1.3). These primers werehighly degenerated and therefore enabled phylogeneti analyses in environmental sam-ples. As illustrated in Figure 14, the binding sites of the proposed primers were loatedin the oding regions of the histidine motifs one and four. Subsequently the amplionovers the whole atalyti enter of the alkane monooxygenase, whih is highly onservedamong the di�erent speies.
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alkB amplicon (550 bp)Fig. 14: Binding sites of degenerated alkB primersDegenerated primers (alkBf1, alkBr1) published by Kloos et al. [107℄ for the ampli�ation of alkB gene fragments bindin the oding regions of histidine motifs 1 and 4. The amplion, whih is shown in relation to the AlkB protein, oversall four histidine motifs (HIS1 - 4), representing the atalyti enter of the hydroxylase. Transmembrane domains areindiated by light-gray boxes (TM1 - 6).However, due to their high degeneray, 4096 fold and 512 fold for alkBf1 and alkBr1respetively, the e�etive onentrations of the individual primer sequenes is very low(1/4096 alkBf1, 1/512 alkBr1). In onsequene, the ampli�ation of the individual alkBsequenes is stoihiometrially limited. This might result in an underestimation of thegene opy numbers. Additionally, a biased quanti�ation is also strongly impated bythe ampli�ation e�ieny during a PCR. For example, after 30 yles of a PCR withonly 90% e�ieny, deteted gene opy numbers are one order of magnitude lower, om-pared to reations with 100% e�ieny. As demonstrated in Table 5, these enormousdi�erenes are further enhaned in reations with 80% e�ieny or below.As known from literature, e�etivity of polymerase hain reations an be enhanedby the addition of di�erent ompounds. For example, bovine serum albumin (BSA)an interat with potential inhibitors, whih would hamper the ativity of the DNA-polymerase. Tsai et al. [231; 230℄ postulated that humi substanes, whih mightontaminate nulei aid extrats from soil samples, have inhibitory e�ets on down-stream enzymati appliations like PCR. Furthermore, the addition of dimethylsulfox-ide (DMSO) might inrease the ampli�ation of GC-rih templates, resulting in elevatede�ienies also. Besides, MgCl2 an improve the binding of the primers to their targetand form omplexes with dNTPs, whih an be used as substrates for the polymerase.37



MethodsGene opy numbersCyle 100% E�eieny 90% E�eieny 80% E�eieny 70% E�eieny0 1 1 1 15 32 25 19 1410 1,024 613 357 20215 3.2 * 104 1.5 * 104 6.0 * 103 2.0 * 10320 1.0 * 106 3.8 * 105 1.3 * 105 4.0 * 10425 3.3 * 107 9.3 * 106 2.4 * 106 5.8 * 10530 1.0 * 109 2.3 * 108 4.5 * 107 8.2 * 106Tab. 5: E�et of di�erent ampli�ation e�ieniesAssuming a doubling of the opy numbers of a target gene in a PCR with 100% e�eieny, immense underestimationswould be the result in lower e�etive ampli�ations.Anyhow, as frequently reported in the manuals of ommerial real-time PCR kits, highamounts of DNA and DNA ould also diminish the ampli�ation e�ienies. In orderto improve the ampli�ation of alkB gene fragments from soil samples, the respetiveprimers were modi�ed. For this, every four folded base was substituted by an inosinenuleotide. As inosine indisriminately pairs with adenine, thymine or ytosine; degen-eray would be redued drastially. In ontrast, the individual onentrations of thesingle primer sequenes would be inreased (e.g. 1/256 alkBf1, 1/128 alkBr1). In ad-dition, various tests inluding the appliation of BSA, DMSO and extra MgCl2 weredone, to hek for their impat on the e�ieny. Due to their high degeneray, the usedprimers have a broad spetrum of optimal annealing temperatures and tend to formdimer omplexes also. Consequently, the e�ets of an initial touhdown step with twodi�erent temperature ranges as well as the signal detetion at 78 ◦C was tested.
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Methods4.2.4 Quantitative real-time PCRIn order to analyse the abundane of alkB genes and transripts as well as 16S rRNAand rpoB genes at the di�erent soil ompartments, Sybr®Green-based real-time PCR'swere aomplished. Based on the results of the preliminary tests, whih will be presentedin subsetion 5.1, adapted PCR reation mixtures and protools have been used for theampli�ation of alkB. As mentioned earlier, high amounts of nulei aids an impatthe ampli�ation e�ieny. Therefore, samples of soils and litter material were diluted16 fold and 32 fold respetively. As a result, amounts of DNA and DNA used in thereation mixtures are �utuating. Reation mixtures have been prepared as summarizedin Table 6. E1 E2 E3alkB rpoB alkB 16S rRNAtemplate (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 ngtemplate (DNA) 10.0-40.0 ng - - - -alkB1f 0.1 µM - 0.1 µM 0.1 µM -alkB1r 0.1 µM - 0.1 µM 0.1 µM -rpoBf - 0.1 µM - - -rpoBr - 0.1 µM - - -16Sf - - - - 0.01 µM16Sr - - - - 0.01 µMMgCl2 2.0 mM 2.0 mM 2.0 mM 2.0 mM 2.0 mMBSA 0.06 % 0.06 % 0.06 % 0.06 % 0.06 %Sybr®Green 1x 1x 1x 1x 1xMaster MixDEPC-water add to 25 µL respetivelyTab. 6: Real-time PCR reation mixturesIn ontrast to alkB, ampli�ation e�ienies of 16S rRNA and rpoB genes were foundto be at 92% and 87% respetively. Therefore respetive primers and protools wereused without modi�ation as previously desribed in eah ase by Bah et al. [15℄ andPowell et al. [166℄. As an exeption, the signal detetion was done similar to alkB at78 ◦C for 30 seonds. All modi�ations of the ampli�ation protools are summarizedin Table 7.
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MethodsalkB 16S rRNA rpoBStage 1 (1x)Hotstart 10 min., 95 ◦C 10 min., 95 ◦C 15 min., 95 ◦CStage 2 (5x)Denature 45 se., 95 ◦C - -Anneal 1 min., 62 ◦C - -(-1 ◦C/yle)Extend 45 se., 72 ◦C - -Stage 3 (40x)Denature 45 se., 95 ◦C 20 se., 95 ◦C 30 se., 88 ◦CAnneal 1 min., 57 ◦C 1 min., 62 ◦C 30 se., 50 ◦CExtend 45 se., 72 ◦C 30 se., 72 ◦C 30 se., 72 ◦CData Colletion 30 se., 78 ◦C 30 se., 78 ◦C 30 se., 78 ◦CStage 4 (1x)Denature 15 se., 95 ◦C 15 se., 95 ◦C 15 se., 95 ◦CAnneal 30 se., 60 ◦C 30 se., 60 ◦C 30 se., 60 ◦CExtend 15 se., 95 ◦C 15 se., 95 ◦C 15 se., 95 ◦CTab. 7: Modi�ed real-time PCR protools for the ampli�ation of alkB, 16S rRNA and rpoBAbsolute quanti�ation of the di�erent genes was done by using fragments of alkB (550bp) and rpoB (345 bp) from P. putida as well as 16S rRNA (260 bp) from Clavibatermihiganensis mihiganensis respetively. These fragments were ampli�ed and subse-quently loned into ommerial pCR2.1 vetors (Invitrogen, Germany). With the as-sumption, that only single fragments were introdued into the vetor, amounts of geneopy numbers were alulated by using Equation 1. Serial dilutions of the real-time PCRstandards produed linear standard urves (r2 > 0.99) over �ve orders of magnitude.
n ≤

( c

m ∗ l

)

∗NA (1)n = opy numbers µl−1,  = onentration of reombinant vetor (µg µl−1), m = moleular weight of 1 bp (666 µgµmol−1), l = length of reombinant vetor (bp), NA = Avogadro onstant (µmol)
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Methods4.2.5 Statistial data analysisOne- or multifatorial ANOVA alulations were done by using log-transformed data,whih ful�lled assumptions of normal data distribution and homogeneity of varianes.Both have been heked by histograms and the Kolmogorov-Smirnov test at a level ofsigni�ane of P ≤ 0.05. Statistial analyses of the litter degradation and the abundanesof rpoB (E1) and 16S rRNA (E3), as well as alkB genes (E1-E3) and transripts (E1)were done by using the statistial software SPSS version 11.5 (IBM Deutshland GmbH,Ehningen, Germany).
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Methods4.2.6 Prodution of anti-AlkB antibodiesIn order to loalize the alkane monooxygenase AlkB diretly in the soil matrix, anti-AlkB antibodies should be produed in the present thesis. Although, the AlkB proteinwas suessfully overexpressed in earlier studies [152; 157; 214; 213℄, a su�ient pu-ri�ation for the e�etive prodution of anti-AlkB-antibodies was not aomplished.Consequently, the resulting immunoglobulins might reognize unspei� proteins, lead-ing to a large number of false positive signals. Therefore an appliation for the in situloalization of AlkB might be not feasible.In order to simplify the spei� isolation of AlkB and onsequently redue the potentialsynthesis of antibodies binding unspei� epitopes, overexpression of the target proteinand its diret isolation was in the fous of the present experiment.Therefore, only the alkB gene itself was diretly fused behind a promoter whih wasunder the ontrol of an extra induer, failitating the seretion into the periplasm. Theprodued AlkB protein was puri�ed with strep-tag spei� a�nity olumns and subse-quently used for the prodution of polylonal anti-AlkB antibodies. The single stepswhih have been aomplished to produe the antibodies are displayed in detail in thefollowing subsetions. In addition, a shemati overview is illustrated in Figure 15.
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Methods
 cloning of alkB  & ligation into pASK-IBA6C
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cutting of AlkB-containing gel slices
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Fig. 15: Flowhart of the anti-AlkB produtionSingle steps from the loning of alkB and the subsequent ligation into the ommerial expression vetor pASK-IBA6C.Transformation of reombinant vetors into di�erent host strains were failitated in order to overexpress and onsequentlypurify AlkB. Afterwards gained proteins were used for the immunization of rabbits. 43



Methods4.2.6.1 Synthesis and loning of reombinant alkBFor the overexpression of AlkB reombinant expression vetors (pASK-IBA6C, IBAGmbH, Germany) were synthezised after manufaturer's instrutions by using ampli�edopies of alkB2 from P. aeruginosa. However, in silio restrition analyses of the PCRproduts revealed an intra-gene restrition site of BsaI whih was used for preparing theligation. Therefore, a single base substitution was introdued resulting in a replaementof ytosine with thymine and subsequent masking of the restrition site.In detail, two gene fragments from alkB were ampli�ed with proof-reading ative Pfu-Polymerase by using the primer sets anti-for1/anti-rev2 and anti-rev1/anti-for2 (see4.1.3). Prior ombination via Fusion-PCR (using primers anti-for1 and anti-rev1), frag-ments were puri�ed using MinElute PCR Puri�ation Kit (Qiagen, Germany). Suess-ful ampli�ation and e�etive masking of the intra-gene BsaI restrition site was hekedby digest of DNA aliquots with BsaI and subsequent agarose gel eletrophoresis afterSambrook et al. [192℄. After suessful ligation, reombinant expression vetors weretransferred into ells of Esherihia oli strain W3110 via eletrotransformation (1.8 kV,5.2 mse.) using a MiroPulser Eletroporator 165-2100 (Bio-Rad Laboratories GmbH,Germany) aording to manufaturer's reommendations. Seletion of transformed ellswas subsequently done in an overnight inubation at 37 ◦C using LB agar plates andhlorampheniol (30 µg ml−1). Resulting olonies were used for the prodution of stor-age ultures using 20% (v/v) sterile glyerine, whih were subsequently aliquoted andstored at -80 ◦C until further use. Aessorily, the reombinant vetors were isolatedusing the NuleoSpin®Plasmid Kit (Maherey-Nagel, Germany) and subsequently anal-ysed to hek for the orret alkB sequene.
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Methods4.2.6.2 Overexpression and isolation of strep-tagged AlkBPrior to the large sale ultivation of reombinant E. oli ells for synthesis of AlkB, testsfor optimal growth and protein expression onditions were done. These tests inluded i)di�erent inubation temperatures, ii) di�erent optial densities at whih indution wasinitiated and iii) three ultivation media (LB, 1/5 LB, R2A after [173℄) with di�erentnutrition levels. During the temperature test, synthesis of AlkB was analysed on pro-teomi and transriptomi sale, where isolated RNA was transribed into DNA andused as template for PCR using anti_for1/anti_rev1 primer set (see 4.1.3) and Taq-polymerase. PCR produts were subsequently analysed by gel eletrophoresis with 1%agarose gels. Beyond the results whih are disussed in detail in setion 5.5, inubationwas done at 30 ◦C in LB medium (25 L in total), supplemented with hlorampheniol (30µg ml−1). At an optial density of 0.5 - 0.7 (measured at 550 nm), whih was orrspond-ing to 1.25 - 1.75 x 108 ells ml−1 [147℄, the indution of the AlkB overexpression wasindued by the addition of 0.1% (w/v) gluose and 250 ng ml−1 anhydrotetrayline(AHT). After 2h of indution, where no signi�ant inrease of the optial density wasmonitored, ells were harvested by entrifugation (9700 x g, 4 ◦C) and obtained pelletswere resuspended in bu�er W. All bu�ers, whih have been used for the resuspensionof the ell pellets and the puri�ation of the protein extrats via Strep-Tatin a�nityolumns, are demonstrated in Table 8.Unfortunately, a periplasmati expression of the AlkB-Streptag-fusion protein was notsuessful. Therefore, the impat of the addition of Triton®X-100 and SDS on the pro-tein isolation was analysed. Additionally, ell disruption by pressure (Frenh Press, 2 x1000 bar) or soniation (2 x 3 min, 30% Cyle, 60% Power) was tested (see setion 5.5.4).Despite the results ould not proof a hampered ell disruption e�eieny for pressure,soniation was used for protein isolation, as handling of large volumina with FrenhPresswas not feasible. After soniation on ie using a Sonoplus HD-2070 soniator equippedwith a standard horn SH70G and a mirotip MS73 (all Carl Roth GmbH + Co. KG,Germany), proteins have been reeived by entrifugation (30 min., 22,200 x g, 6 ◦C).The supernatant whih inluded ytoplasmati as well as membrane related proteins(loosened membrane bound and freed transmembrane proteins) was diluted with bu�erW to improve binding of the strep-tagged AlkB and prevent logging of the a�nityolumn by high protein onentration.
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Methods4.2.6.3 Protein puri�ation and immunization of rabbitsTo purify the strep-tagged Alkane monooxygenase from the ellular proteom the ex-trated proteins were passed through Strep-Tag/Strep-Tatin a�nity olumns aftermanufaturer's instrutions (Strep-Tatin MaroPrep®, IBA GmbH, Germany), whereonly strep-tagged and highly biotinylated proteins would bind to the matrix. Boundresidues were washed again with fresh bu�er W and subsequently released by step-wise elution with bu�er E (Tab. 8), whih substituted the proteins with desthiobiotin.Afterwards, the olumns were regenerated using bu�er R inluding water soluble 2-(4-hydroxyphenylazo)benzoi aid (HABA) (Tab. 8) replaing desthiobiotin vie versa andpreparing the olumn for further appliations. The single elution frations were testedfor the ourane of AlkB by using 1D-SDS-PAGE aording to Laemmli and olleagues[118℄ and Spetra�Multiolor Broad Range Protein Ladder (Fermentas, Germany). Pos-itive frations were pooled and mixed with 0.1% n-DDM (n-dodeyl-β-D-maltoside) toprevent protein aggregation during onentration. After this, the protein solution wasinspissated by using entrifugation (4000 x g, 15 ◦C) and 10 kDa Amion Ultra Cen-trifugal Filter Devies (Millipore, USA) whih restrained proteins greater than 10 kDa.Conentrates were aordingly washed twie with bu�er W and heked again for theourane of proteins with the respetive size of reombinant AlkB (44 kDa) by 1D-SDS-PAGE.Strep-tag® bu�er W Strep-tag® bu�er ETris/HCl (pH 8.0) 100.0 mM Tris/HCl (pH 8.0) 100.0 mMNaCl 150.0 mM NaCl 150.0 mMEDTA 1.0 mM EDTA 1.0 mMDesthiobiotin 2.5 mMStrep-tag® bu�er RTris/HCl (pH 8.0) 100.0 mMNaCl 150.0 mMEDTA 1.0 mMHABA 1.0 mMTab. 8: Bu�ers for protein puri�ation with a�nity olumnAs shown in Figure 34 (see setion 5.5.5), a lot of ontaminating proteins of di�erentsizes were o-eluted from the a�nity olumns. To get rid of these ontaminants, di�erentstrategies have been done inluding addition of avidin to the ell extrat prior olumn46



Methodsload as well as adding 2.5 M NaCl to inrease ioni strength and derease non-ovalentomplexing. Sine these methods were not suessful, onentrated elution frationssolution was loaded on a preparative 1D-SDS-PAA gel and subsequently separated inthe eletri �eld in order to isolate AlkB. Bands with the respetive moleular weight ofAlkB were additionally ut from the gel and analysed by mass spetrometry (Universityof Greifswald, Germany). After the on�rmation of a su�ient AlkB quality, the gelslies were used for the immunization of two female New Zealand rabbits, whih haveprior been negatively tested for already existing anti-AlkB antibodies. In detail, primaryimmunization was done by subutaneous injetion of the gel slies, whih were amendedwith Freund's omplete adjuvant. After several boosts with inomplete Freund's adju-vant, �rst sampling of the immune-serum was done after 60 days. Immunization wassubsequently prolonged and aliquots of serum were sampled monthly in order to moni-tor the synthesis of anti-AlkB immunoglobulins. Animal husbandry, immunization andextration of serum were ommerially done by Pineda-Antikörper-Servie (Germany).

47



Methods4.2.6.4 Testing of anti-AlkB antibodyTesting of anti-sera taken at 120, 180, 210 and 240 days after �rst immunization was doneby Western-Blot analyses. Therefore, protein solutions from restrained elution frations,whih inluded the reombinant AlkB were separated by 1D-SDS-PAGE and afterwardstransfered on methanol ativated membranes of polyvinylidene �uoride (PVDF) (Ap-plihem, Germany) via semi-dry Western-Blot proedure using a Fastblot-B32 apparatus(Biometra GmbH, Germany).Western-Blot Protein detetionSP-UL bu�er CBB R-250Tris 25.0 mM Brilliant Blue R-250 0.2% (w/v)Na2HPO4 10.0 mM Methanol 40.0% (v/v)Glyine 205.0 mM Aeti aid 7.0% (v/v)Urea 6.0 M Water 52.8% (v/v)SDS 1.1% (w/v)
β-Meraptoethanol 1.0% (v/v) Poneau-SPoneau-S 0.1% (w/v)Aeti aid 5.0% (v/v)Water 94.9% (v/v)Tab. 9: Bu�er for semi-dry Western Blot and dyes for protein stainingSine blotting of membrane proteins an be di�ult due to their high perentage of hy-drophobe amino aids (AlkB ontains six transmembrane domains), a two-omponenttransfer bu�er (SP-UL bu�er) after Abeyrathne and Lam [2℄ was used. In Table 11the single omponents of the di�erent bu�ers and staining solutions are summarized.Suessful transfer of proteins was heked by staining the PAA-gels with CoomassieBrilliant Blue R-250 (CBB R-250), whereas the air dried membranes were reversiblestained with Poneau-S (Tab. 11).To test the sampled anti-sera for quality and quantity of anti-AlkB antibodies, thedried PVDF-membranes were inubated with a mixture of bloking bu�er and di�erentdilutions of rabbit anti-sera respetively (Tab. 10). Afterwards, the membranes werewashed twie with fresh bloking bu�er to mask unspei� binding sites and subsequentlyinubated with goat-anti-rabbit-IgG as seondary antibody, whih was additionally on-jugated with alkaline phosphatase (1:200,000). The membranes were then inubatedwith AP-bu�er, whih provides optimal onditions for the phosphatase reation, fol-48



Methodslowing a last inubation with bloking bu�er and a two-step wash with water. Forthe detetion of the seondary immunoglobulins, a hromogen solution (Tab. 11) wasused where the dephosphorylation of BCIP and ongruent redution of NBT yielded ablak-purple-olored preipitate.Stage Duration1 Semi-dry Western Blot 5 mA/m2, 20 min.2 Inubation of PVDF-membrane with over night, RTbloking bu�er and rabbit anti-serum3 Wash Step (bloking bu�er) 2 x 5 min.4 Inubation of PVDF-membrane with 1 x 2h, RTbloking bu�er and goat-anti-rabbit-IgG/AP5 Wash Step (bloking bu�er) 1x 15 min.6 Wash Step (water) 2 - 3x 30 se.7 Inubation with AP-bu�er 1 x 15 min.8 Inubation with Chromogen solution until protein bands appearTab. 10: Semi-Dry Western Blot detetion protoolBloking bu�er NBT stok solutionTris/ HCl (pH7.6) 50.0 mM NBT 5.0% (w/v)NaCl 150.0 mM DMF 70.0% (v/v)NaN3 0.05% (w/v) Water 52.8% (v/v)skim milk 2.5% (w/v)Tween 20 0.05% (v/v)AP-bu�er BCIP stok solutionNaCl 100.0 mM BCIP 5.0% (w/v)MgCl2 5.0 mM DMF 95.0% (v/v)Tris/ HCl (pH 9.5) 100.0 mMChromogen solutionAP-bu�er 99.0% (v/v)NBT stok 0.66% (v/v)BCIP stok 0.33% (v/v)Tab. 11: Bu�er for semi-dry Western Blot and dyes for protein staining 49



Results5 Results5.1 PCR-ampli�ation of alkB in environmental samplesThe primers used in the present study for the quanti�ation of alkB genes and tran-sripts, overed a broad range of di�erent alkane degraders. Due to their high degeneray,the use of these primers during real-time PCR was limited. Ampli�ation e�ieniesdid not exeed 75% whih resulted in an understimation of gene opy numbers. There-fore several tests were done to optimize the ampli�ation and onsequently gain morereliable results. These tests inluded not only the improvement of the primers itself, butalso di�erent additives in the reation mixtures, as well as an alternated PCR protool.As a onsequene of the results of these preliminary tests, whih will be presented inthe following subsetions, the ampli�ation e�ieny ould be inreased to almost 86%.The modi�ation of the primers as well as the adapted protool for Sybr®Green-basedreal-time PCR have been published suessfully (Publiation I, II).5.1.1 Modi�ation of alkB primers with inosine nuleotidesThe substitution of every four fold degenerated base by an inosine nuleotide did nothange the spei� binding at highly onserved sites, as demonstrated by Kloos andolleagues (refer to Fig. 14). Using in silio analyses, the modi�ed primers were alignedagainst a seletion of alkB -harbouring bateria, inluding members of Ainetobateria,
β- and γ-proteobateria. The results, whih are displayed in Figure 16, learly demon-strate a signi�ant onvergene between the primers and the sequenes oding for histi-dine motifs one and four. As these motifs are highly onserved among a broad spetrumof alkane degrading bateria, the optimized primers are potentially suitable for phylo-geneti analyses. To verify this, gene fragments of alkB were ampli�ed from di�erentenvironmental samples using the inosine ontaining primers and subsequently sequened.The results apparently indiate the detetion of alkB genes without any disriminationbetween known baterial groups (Publiation II). Several sequenes showed high sim-ilarity to alkB genes from Noardoides sp. CF8 or strains belonging to Myobateria.Interestingly, similarities to the marine strain Mirosilla marina ATCC23134 were alsofound in this study.
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Results5.1.2 Data olletion during an extra-ordinary reation stepDespite the introdution of inosine nuleotides, the primers remained highly degener-ated. Espeially in samples with low amounts of target DNA, this ould lead to inreasedformation of primer dimers. As gene quanti�ation was based on a Sybr®Green assay,even suh short double-strained DNA fragments might be deteted and inreasing total�uoresene signal strength. As a result, gene quanti�ation might be biased. As knownfrom several PCR appliations, primer dimers mostly disintegrate at temperatures above75 ◦C. Therefore, the e�et of signal aquisition at 78 ◦C was tested with non-templateontrols (NTC), where potential dimers were the only soure for �uoresene signals.As shown in Figure 17, primer dimers were still intat at 72 ◦C (Fig. 17B) leading to�uoresene signals above the threshold (Fig. 17A). Conversely, dimers were dissoi-ated during data olletion at 78 ◦C (Fig. 17D), leading to signal strengths below thethreshold (Fig. 17C). Consequently, primer dimers were not deteted.
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Results5.1.3 Use of DMSO, BSA and MgCl2 as additives for real-time PCRAs humi substanes an at as inhibitors for the ativity of the DNA-polymerase, threedi�erent additives have been tested for improving the ampli�ation of alkB from envi-ronmental samples. Figure 18 learly demonstrates, that the addition of 0.06% (w/v)BSA improved the ampli�ation of the alkB genes and resulted in an e�eieny of 89%(slope: -3,623). Without extra BSA, ativity and binding of the polymerase to the targetwas hampered. As a result a theoretial e�eieny of more than 100% (slope: -2,939)was alulated, whih is not feasable. In most studies onerning samples with GC-rihtarget DNA, dimethylsulfoxid (DMSO) is added to improve ampli�ation. Interestingly,the appliation of this additive in an alkB real-time PCR seemed to be disadvantageous.As displayed in Figure 19, ampli�ation in DMSO supplemented reation mixtures waslow and showed e�ienies around 76% (slope: -4,089) only. In ontrast, preparationsontaining no extra DMSO seemed to result in higher ampli�ation e�ienies, as thealulated slope was -3.667 (e�ieny of 87%). Magnesium hloride is supposed to formomplexes with dNTPs, whih are subsequently used as substrate for DNA-polymerases.Consequently, the addition of MgCl2 to PCR reation mixtures is ommonly used for theimprovement of ampli�ation e�ienies. Interestingly, the onentration has therebya strong in�uene. For example, Williams [255℄ ould demonstrate a low binding ofprimers to the target, when amounts of used MgCl2 are too low. In ontrast, Ellsworthet al. [54℄ monitored a hampering e�et of MgCl2 when used in exess. With highamounts of this ompound, base pairing between primer and target DNA is too strong,preventing the primer/DNA-omplex to disintegrate during denaturation at 94 ◦C. Inthe instrutions of ommerial reation mixtures, an amount of 3-7 mM MgCl2 is re-ommended for a suessful real-time PCR. However, sine the exat amount of MgCl2in the used Sybr®Green Master Mix is not known, the e�et of extra MgCl2 was tested.As demonstrated in Figure 20 the addition of 2 mM MgCl2 to the Master Mix inreasedthe ampli�ation e�ieny 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 ampli�ationThe addition of 0.06% bovine serum albumin (A) improved the ampli�ation e�eienies ompared to mixtures withoutBSA appliation (B). The red line represents the threshold for signal detetion. See text for details.
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Fig. 20: E�et of extra MgCl2 on the ampli�ation of alkBIn PCR reations without the addition of extra MgCl2 (A), ampli�ation e�ienies were very low at 78%. After mixtureswere spiked with 2 mM MgCl2 (B), e�ienies inreased up to almost 92% (see text for details). The red line representsthe threshold for signal detetion.
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Results5.1.4 Introdution of touhdown steps with di�erent temperature rangesAs a onsequene of high degeneray, the used primers re�eted a broad range of anneal-ing temperatures. If the highest temperatures were hosen, only a minor fration of theindividual primers would bind to the template. As a result, gene opy numbers mightbe underestimated. By using lower temperatures, unspei� primer binding would bebene�ted in some ases. To allow for the spei� binding of all sequenes of the respe-tive primers, a touhdown with a temperature redution of about 1 ◦C per yle wasintrodued. Two touhdown protools overing temperatures between 62 ◦C and 57 ◦Cas well as 57 ◦C to 52 ◦C were tested. As demonstrated in Figure 21, the touhdownfrom 62 ◦C to 57 ◦C resulted not only in learer standard urve signals but also revealeda higher ampli�ation e�ieny of 87%.
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Fig. 21: Use of touhdown yles with di�erent temperaturesTo optimize the binding of the di�erent primer sequenes, espeially in the �rst yles of real-time PCR, touhdownsteps (-1 ◦C/ yle) were introdued. Two ranges of annealing temperatures overing 62 ◦C to 57 ◦C (A) and 57 ◦C to52 ◦C (B) were thereby tested. Serial dilutions (1/10) were used for the standard. Dilutions whih showed no appropriatesignals were rejeted (B). The red line represents the threshold for signal detetion.
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Results5.2 Litter degradation and the dynami of alkB in di�erent soilompartments (E1)In the following setion the litter degradation rates as well as the dynami of alkB -harbouring bateria in di�erent ompartments are presented. Next to the e�etivityof litter deay, the abundanes of alkB DNA and mRNA in litter as well as di�erentsoil ompartments were analysed. Obtained data were orrelated to the ourane andativity of total bateria. For this experiment, sandy and silty soil ores were inubatedwith maize and pea plant litter. Samples were frequently taken during the inubation(T0-T3) from the litter layer, the litter-soil interfae layer as well as the bulk soil.5.2.1 Litter degradationAs summarized in Figure 22, immense losses of organi matter were monitored alreadyafter the �rst two weeks of inubation, independent of the soil type. Interestingly,signi�ant higher deomposition rates ould be observed for pea litter ompared tomaize (P < 0.001). For example, whereas only 50% of the initial maize litter weredegraded in sandy soil, more than 80% of pea plant material were mineralized in thesame time.
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ResultsA similar trend was observed during the inubation of silty soil miroosms. With on-going time, deay was attenuated in both litter types with omparable minor hangesin the quantity of remaining litter material at T2 and T3. For instane, ontrary to theenormous redutions at T1, dry weights dereased about 5% to 10% only. However, sig-ni�ant hanges in the remaining amounts were only observed for sandy soil miroosmsovered with maize litter (P = 0.002).
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Results5.2.2 Quanti�ation of rpoB and alkB genes and transriptsAbundane of alkB in miroosms with litter overThe high amounts of easy degradable ompounds make the litter layer a reservoir fora large abundane and diversity of miro-organisms. In the present study the dynamiof alkB genes and respetive transription produts were analysed. As expeted highamounts of alkB -harbouring bateria were found in fresh litter material before the inu-bation experiment was set. Interestingly, abundanes of pre-olonizing alkane degrad-ing bateria in maize and pea litter di�ered signi�antly (P < 0.05) from eah other.Whereas 3 * 1010 opies g−1 litter (dw) were deteted in maize straw, opy numbersfound in fresh pea litter were one order of magnitude lower as demonstrated in Figure23A and B. For instane, at T1 abundanes delined to 6 * 109 opies g−1 litter in maizebut reovered in all samples at the end of inubation after 30 weeks (T3). In ontrast,a steady inrease of gene opies was monitored throughout the experiment in pea littermaterial. Although suh di�erenes were deteted, omparable amounts of alkB weremonitored in both litter types at T3. To this time quantities of almost 1 * 1011 geneopies g−1 dry straw material ourred. ANOVA analyses of the litter layer revealedsigni�ant interations between inubation time and litter type (P = 0.001), re�etingthe in�uene of both fators on alkB. However, a signi�ant impat of the soil type ouldnot be identi�ed.Compared to the litter layers, signi�ant lower (P < 0.001) abundanes of alkB weremonitored in the litter-soil interfae (0-1 mm) and bulk soil (10-11 mm) layers of sandyand silty soil miroosms. In these ompartments, gene opy numbers were two to threeorders of magnitude lower and ranged between 4.5 * 107 and 8 * 108 opies g−1 dry soil.In general, the dynami of alkB in the di�erent ompartments of sandy and silty soils,was not in�uened by the litter type. In the bulk soil layers, only minor hanges in theourse of time were monitored (Fig. 23A, B). Nevertheless, a strong impat of the soiltype was observed (P = 0.000). In ontrast to the bulk soils, oppositional tendeniesof alkB gene opies have been re�eted in the litter-soil interfae layers. Whereas opynumbers kept onstant in sandy soils overed with maize and pea, abundane inreasedonstantly in the silty soils. Opposite to the bulk soil layers, signi�ant in�uenes ofthe soil type were only observed in miroosms overed with maize litter (P = 0.03).Anyhow, signi�antly di�erent abundanes of alkB in the interfae layer and bulk soilompartments, were only monitored in silty soils (P < 0.01). Conversely, no gradientformation was found in the respetive ompartments of sandy soil miroosms. Thequanti�ation of the alkB genes only indiates the geneti potential in the di�erent62



Resultssoil layers. Subsequently, information about the ativity of the alkane degraders is notretrieved. Therefore, the amount of the alkB transripts was determined in order toestimate the ativity of alkB -harbouring bateria.In this study, the DNA was related to the respetive genomi DNA, where the ratiosan be used to indiate the spei� indution in response to litter derived alkanes. Asdemonstrated in Figure 23C, the ativity of alkB -harbouring bateria olonizing themaize litter inreased within the �rst two weeks of inubation. As expeted, this ten-deny was independent from the soil type. With ongoing inubation, ativity dereasedby trend in the litter layer overing both soils, but showed di�erent dynamis. For ex-ample, in maize litter overing sandy soils, the spei� indution whih indiates thebaterial ativity, ollapsed at T2 and hanged only slightly until the end of inubation(T3). On the ontrary, the spei� indution reeded onstantly over the same timein silty soil miroosms. Interestingly, an inrease in the DNA/ DNA ratio at T1, asreported for the litter layer, was not monitored in the interfae and bulk soil layers ofboth soils. Nevertheless, di�erent dynamis in the ativity of alkB -harbouring bateriain these ompartments were deteted. For instane, the spei� indution dereasedonstantly during the inubation in silty soils, whereas no or only slight hanges o-urred in sandy soils (Fig. 23C).In opposite to the maize litter, ativity of alkane degrading bateria using alkB uni-formly delined in the �rst eight weeks of inubation in pea plant material (Fig. 23D).Despite this, spei� indution slightly reovered at T3. In the soil layers the dynamiof the DNA/DNA ratio was omparable to silty soil miroosms overed with maize.Consequently, no hanges of the spei� indution where observed until T1 in sandy andsilty soils with pea overage (Fig. 23D). In the ourse of time, transript opy numbersrapidly redued at T2, but remained onstant until T3. However, monitored hanges inthe baterial ativity were not signi�ant as revealed by statistial analyses.Abundane of alkB in non-litter ontrol miroosmsThe presented results do not allow for the disrimination between litter indued e�etson the alkB -harbouring bateria and those derived from soil. To overome this andongruently evaluate the impat of alkanes derived from the litter layer by trend, mi-roosms devoid of litter overage were inubated as non-litter ontrols. Here again,abundanes of the alkB genes and their spei� indution, re�eting the ativity, weredeteted and are summarized in Figure 24. A lear, signi�ant (P = 0.000) gradientformation from the interfae layer to the bulk soil ooured in the silty soil miroosms,63



Resultswhereas no signi�ant di�erentiation between the ompartments ould be observed inthe sandy soil. In addition, abundanes of alkB in the individual ompartments werestrongly impated by the soil type (P = 0.000) and in the ase of bulk soil by the inuba-tion time also (P < 0.05). However, in the interfae layer of the sandy soil, opy numbersdropped about one order of magnitude after eight weeks of inubation. In ontrast, asteady inrease in the abundane of alkB up to 1 * 108 gene opies was deteted in thesame layer of silty soil miroosms (Fig. 24A). Variable tendenies were also observed inthe bulk soil ompartments. Here, abundanes delined within two weeks of inubationin sandy soil, whereas no hanges over the time ould be monitored in the silty soil.Anyhow, a gradient formation in the spei� indution of alkB genes was neither ob-served in sandy nor in silty soils. Remarkably similar tendenies in theativity of alkB -harbouring bateria were monitored in the interfae layer of both soiltypes. Here, statistial analysis re�eted a signi�ant impat by the soil type(P < 0.05). In detail, a strong and signi�ant (P < 0.05) inrease of the spei� indu-tion of alkB within the �rst two weeks of inubation oured in sandy soil miroosms(Fig. 24B). In ontrast, the ativity rose only slightly in the same time in silty soil mi-roosms. In addition, dynamis of the spei� indution of alkB were also omparableby trend in the respetive bulk soil layers. Here, ativity inreased during the inubationof both soils, but was more pronouned in the silty soil miroosms (P < 0.05).Abundane of rpoB at di�erent soil ompartmentsTo dislose if the dynami of alkB was related to bioavailable alkanes or to fatorsbene�ting general mirobial growth, additional quanti�ation of rpoB was done. Thisonstitutively expressed gene enodes the β-subunit of the baterial DNA-Polymeraseand an be used as a marker for total baterial abundane. Due the fat that rpoB is asingle opy gene, more reliable results ompared to the quanti�ation of multiopy 16SrRNA genes are gained.As demonstrated in Figure 25, the abundane of rpoB in the litter layer was signi�-antly higher (P = 0.000) ompared to the soil layers. Interestingly, one exeption wasobserved at T1 in the interfae layer of pea litter overed miroosms. Here, amountsof total bateria almost reahed the opy numbers found in the respetive litter layers.Anyhow, signi�ant (P < 0.05) di�erent dynamis of rpoB in maize and pea were mon-itored. In detail, opy numbers signi�antly (P < 0.05) dereased within the �rst twoweeks of inubation in maize litter, whereas only a minor inrease ourred in pea litter.With ongoing inubation quantities of rpoB further dereased or hanged only slightly64



Resultsin the most ases. Conversely, abundanes of rpoB in the maize litter material overingsilty miroosms reovered at the end of inubation after 30 weeks and reahed initialamounts around 1 * 1010 gene opies g−1 soil. As revealed by statistial analyses, genequantities during the deay of plant material from both litter types were not impatedby the soil type.In the interfae layer of soils overed with maize, gene opy numbers were neither im-pated by the soil type nor the inubation time and leveled o� between 1 * 106 and2 * 107 opies g−1 soil until T3 (Fig. 25A). In ontrast, numbers of total bateria dra-matially inreased two weeks after the start of the experiment in the interfae layer ofpea overed miroosms (Fig. 25B). Here, opy numbers reahed up to 3 * 109 genesg−1 soil. In the following six weeks (until T2) of inubation, abundanes dropped aboutalmost two orders of magnitude and subsequently hanged only slightly until T3. In thebulk soil ompartments, gene quantities �utuated throughout the inubation, but didnot exeed 1 * 107 opies g−1 soil. Interestingly, neither the soil nor the litter type im-pated abundanes of rpoB and an in�uene of the inubation time was only monitoredin silty soil miroosms overed with pea litter (P < 0.05).
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Results5.3 Gradient formation of alkB in di�erently pre-aged arti�ialsoils (E2)To eluidate the dynami of alkB during the formation of organo-mineral omplexes andonsequently the genesis of BGI's, arti�ially prepared soils were used. These mixturesontained partiles with di�erent sizes to simulate natural soils with various textures(see Table 4). Prior inubation experiments with litter material were aomplished,mixtures were pre-inubated for three and twelve months without additional nutrientsoure. In the following setion, the dynami of alkB in two di�erent soil ompartmentsduring the maturation of the arti�ial soils is demonstrated.Initial amounts of alkB in three and twelve months matured soilsBefore the arti�ial soils with di�erent ages were inubated with litter material of wheat,initial amounts of alkB were deteted. Like demonstrated in Figure 26, omparablegene opy numbers were found in the di�erent mixtures, whih were pre-aged for threemonths. Here, opy numbers ranged from 2 * 106 to 8 * 106 opies, but did not exeed1 * 107 opies g−1 dry soil. Conversely, abundanes of alkB were signi�antly (P < 0.05)redued in most twelve months pre-aged soils, independent from the soil omposition.Monitored gene abundanes in these soils ranged between 1 * 104 and 8 * 105 opies g−1soil.
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Fig. 26: Amounts of alkB genes in di�erently aged arti�ial soils at T0Quanti�ation of alkB genes in di�erent three (blak bars) and twelve (open bars) month pre-aged arti�ial soils (romannumerals) was done before inubation with litter material was started (T0). Note that at T0 no ompartments weredeveloped. Error bars denote standard deviation (n = 3). Signi�ant di�erenes (P < 0.05) are indiated by di�erentsmall letters.
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ResultsIn the soils ontaining haroal and montmorillonite (soil V), no signi�ant di�erenesbetween three and twelve month old mixtures were monitored (P = 0.206). Here, opynumbers of alkB in twelve month old soils reahed almost 1 * 106 and were onsequentlyomparable to the results found in the younger ones.Amounts of alkB after the inubation with litter material for two weeksAfter the addition of wheat litter material and subsequent inubation for two weeks, adi�erentiation of the bulk soil into distint ompartments has been expeted. Thereforethe uppermost soil layer, representing the litter-soil interfae, as well as the bulk soil10 mm below were sampled. Figure 27 summarizes the gene opy numbers of alkB inthe respetive ompartments. Congruently to the initial abundanes, opy numbers inthree and twelve months old mixtures di�ered in general up to two orders of magnitudein both ompartments (P < 0.01). In the interfae layer of mixtures with both ages, asigni�ant (P < 0.05) inrease of alkB genes opies was monitored after the inubationwith litter material. Although the elevation of opy numbers was independent fromthe mixture omposition, abundanes and inreasing intensities were �utuating. Forinstane, in three month pre-aged mixtures the amount of gene opies inreased aboutone order of magnitude in most ases and reahed up to 1.5 * 108 opies g−1 soil (dw).On the ontrary, abundane of alkB in twelve month old mixtures was in general twoorders of magnitude higher, resulting in opy numbers between 1 * 106 and 8 * 106.
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Fig. 27: Quantities of alkB genes in interfae and bulk soil ompartments of divers mixtures at T1After the inubation of the di�erent soil mixtures with litter of wheat for two weeks (T1), abundanes of alkB geneswere quanti�ed in the interfae (A) and bulk soil (B) layer of three (blak bars) and twelve (open bars) month pre-agedarti�ial soil mixtures (roman numerals). Error bars denote standard deviation (n = 3). Signi�ant di�erenes (P < 0.05)are indiated by di�erent small letters.
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ResultsThe inrease of opy numbers after the litter appliation was attenuated in the bulk soillayer of respetive miroosms (Fig. 27B). Here, quantities leveled o� around 1 * 107and 5 * 106 gene opies in three and twelve months old mixtures respetively. Anyhow,omparable amounts of alkB were deteted at T0 and T1 in three month old mixtures.Remarkably, gene opy numbers in twelve month old mixtures were 4 - 30 timer higherafter the litter amendment than found at the beginning of the inubation.Besides, during the degradation of litter material, a lear and signi�ant (P < 0.05)alkB gradient was monitored from the interfae layer to the bulk soil ompartmentsin all arti�ial mixtures of both ages. In addition, whereas the abundane of alkB wassigni�antly (P < 0.05) impated by the omposition in three months pre-aged mixtures,no signi�ant in�uene was observed in the mixtures aged for twelve month.Calulation of T1/T0 to determine the response to litter supplyDuring pre-aging the soil mixtures, interations of mirobes and soil partiles might havebeen developed leading to organo-mineral omplexes. In dependeny of the minerals usedas additives in this experiment, developed mirobial ommunities might di�erentiallydeal with the reappliation of nutrients. In order to illustrate and examine the inrease inthe mirobial biomass of alkB -harbouring alkane degraders in response to the inubationwith plant litter material, ratios of T1/ T0 were individually alulated for the di�erentmixture types and ages.
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ResultsAs demonstrated in Figure 28, omparable dynamis of the mirobial response weremonitored in the interfae and bulk soil layers of the di�erent mixtures. Despite this,di�erenes between the individual soil mixtures oured. In detail, the ratios of T1/T0 from three and twelve month pre-aged soils were omparable in mixtures omposingonly one reative ompound (mixtures I and II).Contrarily, remarkable di�erenes between "younger" (three month) and "older" (twelvemonth) soils ould be found in more omplex mixtures (mixtures III-VIII) . Here, ratiosof twelve month pre-aged soils exeeded those from three month pre-aged soils aboutone to two orders of magnitude. However, in the mixtures of the respetive ages, ratios�utuated but were not impated by the omposition. Furthermore, despite the disrep-anies between three and twelve month pre-aged mixtures, a signi�ant impat of thematuring time was only found in the interfae layer of mixtures IV and VI as well asthe bulk soil of mixtures V and VI (P < 0.05 in both ases).
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Results5.4 Dynami of alkB and 16S rRNA in MCPA amended soils(E3)In this experiment, a gradient formation of total bateria as well as alkB genes was mon-itored by trend from the litter-soil interfae (0-3 mm) towards deeper bulk soil layers(3-6, 6-9 mm). This gradient formation was neither in�uened by the inubation timenor the treatment type as re�eted by ANOVA-analyses. Despite this, soil depths' de-pendent di�erenes (ompartment type) in the abundanes of total and alkB -harbouringbateria were only found in ontrol soils (P < 0.05).However, as summarized in detail in Figure 29A and B, a onstant and omparableinrease within three weeks of inubation was monitored in the interfae layers of bothtreated soils. Copy numbers reahed thereby almost 1 * 105 genes g−1 dry soil. In wateramended soils, quantities dropped after six weeks of inubation to the initial amountof 7 * 104 genes (Fig. 29A), whereas a stabilized rise ourred in the MCPA treatedmiroosms (Fig. 29B). With esalating distane to the litter-soil interfae, abundanesdelined inessantly in water treated soils, further promoting the gradient formation.On the ontrary, amounts of alkB hanged only slightly during the same time in MCPAspiked soils and redued, if at all, in the deepest analysed ompartment (6-9 mm) at theend of the experiment (T3). To evaluate if hanges in the alkB opy numbers were theresult of the litter derived alkanes and the spei� soil treatment only, abundanes oftotal bateria were also analysed. As expeted, opy numbers of 16S rRNA genes werethree to four orders of magnitude higher than abundanes of alkB and ranged around2 * 108 gene g−1 soil. In the interfae layer of water and MCPA spiked soils, dynamisof 16S rRNA genes were highly omparable to those found for alkB. As demonstrated inFigure 29C - D, onstantly inreasing quantities in soils of both treatment types weredeteted within the �rst three weeks of inubation. At the end of the experiment aftersix weeks, gene opies slightly dereased in soils whih have been spiked with water. Inontrast, abundane of 16S rRNA further inreased at the same time up to 8 * 108 opiesin soils spiked with MCPA. In the deeper soil ompartments (3-6, 6-9 mm) dynamisof total bateria were slightly di�erent between water and MCPA-treated soils. For in-stane, no or only slight hanges in the abundane of total bateria were observed in soilswhih have been spiked with water (Fig. 29C), where gene abundanes leveled o� around4 * 108 opies g−1 soil. Conversely, a onstant but only slight inrease in the amounts of16S rRNA was observed until T2 in the same ompartments of miroosms inubatedwith MCPA (Fig. 29D). With ongoing inubation, total bateria were slightly reduedin these miroosms at the end of the inubation after six weeks. 73
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Fig. 29: Abundane of alkB and 16S rRNA genes during soil inubation with MCPA (E3)The abundanes of alkB (A, B) and 16S rRNA genes (C, D) were measured during the inubation of ontrol (A, C) andMCPA spiked (B, D) soils at the beginning (T0) and after one (T1), three (T2) and six (T3) weeks of inubation. Errorbars indiate standard deviations (n = 4). Signi�ant temporal di�erenes in the individual soil ompartments (P < 0.05)are indiated by di�erent small letters.
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Results5.5 Overexpression of AlkB and prodution of anti-AlkB anti-bodies5.5.1 Test of di�erent inubation temperaturesOvernight ultures were used to inoulate two aliquots of fresh LB medium whih weresubsequently inubated at 30 ◦C until a OD550nm of 0.6-0.7 was reahed. After this, theexpression of reombinant AlkB was indued by the addition of 200 ng mL−1 AHT and0.1% (w/v) gluose followed by a prolonged inubation for additionally four hours at20 ◦C and 30 ◦C respetively. During inubation, samples for monitoring the expressionof alkB and subsequent synthesis of the respetive enzyme, were taken hourly and anal-ysed by gel eletrophoresis of PCR produts from alkB DNA and 1D-SDS-PAGE aswell. As shown in Figure 30C, expression of alkB reahed its maximum at 20 ◦C alreadyone hour after the appliation of the induer (AHT).With ongoing inubation, expression rates dereased and ompletely stopped four hoursafter indution. Contrarily, in ultivations done at 30 ◦C, expression rates were thehighest three hours after indution but kept stable during ongoing inubation. De-spite these di�erenes, newly synthesized AlkB was deteted one hour after indutionat both temperatures. Interestingly, although expression rates were remarkably di�er-ent between the two ultivation temperatures, synthesis of AlkB did not hange withprolonged inubation and was additionally omparable for 20 ◦C and 30 ◦C (Fig. 30B,C).
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Fig. 30: Test of di�erent inubation temperaturesThe expression (A) of alkB and the onsequent synthesis of the respetive protein (B, C) was analysed during a fourhour inubation at 20 ◦C (B) and 30 ◦C (C) by using gel eletrophoresis and 1D-SDS-PAGE. Samples of ampli�ed alkBDNA as well as whole ell proteins were taken before (T0) and up to 4 hours (T1-T4) after indution of E. oli W3110with AHT. The position of newly synthesized AlkB protein is indiated by an arrow.
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Results5.5.2 Evaluation of the best ell densities for optimal indutionAs the overexpression of membrane proteins is less su�ient as known for ytoplasmatiproteins, the yield of AlkB at moderate ell densities was very low. Therefore, it wastested if indution at higher ell densities would result in higher onentrations of AlkBper se. Cells of E. oli were grown at 37 ◦C and indution was aomplished by theappliation of AHT at late log-phase (OD550nm = 0.8), early stationary-phase (OD550nm= 1.7) and late stationary-phase (OD550nm = 2.9). Sampling for qualitative 1D-SDS-PAGE was done two hours after indution respetively. Due to the high ell densities,disruption was done using FrenhPress (2x 1000 bar) sine soniation was found to beunsuitable. The results presented in Figure 31 learly demonstrate that despite an e�etof the indution on the ell growth was monitored, an overexpression of AlkB neitherourred at the late log-phase nor the stationary phase. Subsequently, the overexpressionof AlkB was indued at an optial density (550 nm) between 0.5-0.6 in the inubationsused for large sale protein synthesis.
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Fig. 31: Test of indution at di�erent ell densities (OD550nm)A) Growth of ells with indution 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 fromnon-indued ells (CO1-CO3) and ells 2h after indution (T2.1-T2.3).
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Results5.5.3 Test of diverse ultivation mediaSine overexpression of a protein in fast growing host strains an lead to the forma-tion of inlusion bodies (not sereted misfolded proteins) and onsequently low proteinyield, growth and expression under di�erent nutrition levels was tested. Therefore, aneutrophi (LB) and two nutrition-poor media (1/5 LB, R2A) were used, failitating fastgrowth with high overexpression rate or slow growth with moderate protein expressionrespetively. The indution was set at a OD550nm = 0.4-0.75 of ell ultures grown at30 ◦C. This test was only done to monitor the baterial growth after indution. Theresults, presented in Figure 32, learly show that growth stopped after addition of AHTin LB and 1/5 LB media, whereas the supply with induer had no in�uene on thegrowth in R2A medium. Nevertheless, the highest ell numbers were reahed with LBmedium after Bertani [23℄.
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Fig. 32: Test of diverse ultivation mediaGrowth of E. oli W3110 in three di�erent media with hanging nutrition levels at 30 ◦C. Indution (Ind.) was done atoptial densities between 0.4-0.75 (OD550nm)
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Results5.5.4 Test of detergents as additives for e�etive ell disruptionBy using the pASK-IBA6C expression vetor, the reombinant proteins should be se-reted into periplasm after synthesis. Unfortunately, no isolation of target protein wasaomplished by forming spheroplasts or with isolation of the whole intraellular pro-teome (data not shown). Sine six transmembrane domains were reported for AlkB,the protein ould have been inorporated into the plasma membrane. To test this,ioni (SDS) and non-ioni (Triton® X-100) detergents were used to isolate membranebound as well as membrane assoiated proteins. The extration e�ieny was testedby using these detergents in ombination with soniation or pressure for ell disruptionrespetively. The results learly demonstrate that no improvement of AlkB isolation wasreahed by using Triton® X-100, whereas the use of SDS was suessful as summarized inFigure 33. Sine no di�erenes between the two ell disruption methods were monitored,soniation was used for large sale isolation of proteins due to reasons of feasibility.
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Fig. 33: Test of e�etive extration of membrane proteins1D-SDS-PAGE of membrane proteins from ontrol ells (CO) and 2h after indution (T1). Protein extration was donewith soniation and the addition of Triton® X-100 (A) or 1.5% SDS (B) respetively. No di�erenes in ell disruptione�ieny were monitored during soniation (So) or FrenhPress (FP) with 1.5% SDS as additive (C). The presene ofAlkB is indiated by an arrow. 79



Results5.5.5 Puri�ation of AlkB with a�nity olumnsFor the puri�ation of overexpressed AlkB from whole ell protein extrats, a systemwas used where theoretially only proteins with a StrepTag would bind to the olumnmatrix. Although a ultivation medium with low onentration of free biotin was usedand ells of the host strain E. oli W3110 were known to have only limited amounts ofbiotinylated proteins, several ontaminations have been observed after elution of AlkBfrom the olumn as demonstrated in Figure 34. Sine all e�orts done to get rid ofthe ontaminants (e.g. inreased ioni strength, bloking of biotin and biotinylatedproteins with avidin) failed, the raw elution frations ould not be used and had to befurther proessed. For this, elution frations E1-E5 have been pooled and loaded ona preparative PAA-gel. After eletrophoreti separation of the proteins, the respetiveband representing AlkB was ut from the gel and used for the immunization of rabbits.
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80



Results5.5.6 Test of antisera from di�erent immunization stagesFour months after the �rst subutaneous injetion of the gel slies, aliquots of rabbitanti-sera were sampled, to analyse them for the ourrene of anti-AlkB immunoglob-ulins (Ig). As shown in Figure 35A, low amounts of anti-AlkB Igs ould be detetedalready after 120 days when whole ell protein extrats of indued ultures were om-pared to the respetive extrats of non-indued ells. Sine AlkB was overexpressedin strains of E.oli, gained antisera also inluded antibodies against non spei� targetproteins. Subsequently, biased signals would be retrieved during the in situ detetion ofthe alkane monooxygenase protein AlkB in environmental samples. To overome this,immunization was prolonged to inrease the spei� amounts of anti-AlkB Igs. Antiserawith high ontent of the respetive antibodies ould be used in high dilutions resultingin a derease of unspei� binding. Therefore, samples taken after 180, 210 and �nally240 days were also tested for anti-AlkB by using elution frations E2 and E3. Detetedsignals were related to Western Blot analyses using pre-immune sera. Unfortunately,signal intensities of proposed AlkB did not inrease ompared to the signals of unspe-i� target proteins (Fig. 35B, C). Furthermore, intensities dereased in some asesindiating dereasing amounts of anti-AlkB antibodies.
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Disussion6 DisussionAliphati hydroarbons are highly abundant and ubiquitously distributed in the environ-ment as a onsequene of geohemial or anthropogeni ativities. Due to the immenseeologial and eonomial relevane, most studies foused on the bioremediation of hy-droarbons via the AlkB degradative pathway by analyzing arti�ially ontaminatedsoils. For example, Alvarez et al. [7℄ examined the diversity of alkB in petroleum-ontaminated soils from Brazil. In other studies, antarti soils polluted with dieseloil or fuel were used to examine the abundane and diversity of alkB in environmentalsamples [166; 165; 246℄. Furthermore, in experiments done by Margesin et al. [138℄ andPérez de Mora et al. [169℄ the dynami of alkB genes in alpine and forest soils wasdeteted in relation to inreasing amounts of total hydroarbons (TH) with up to 35g TH * kg−1 soil. Despite many e�orts have been done in the last deades to analyseand optimize the bioremediation of hydroarbons in soils, degradation of alkanes fromnatural soures was studied only marginally. Kloos et al. [107℄ were among the �rstwho monitored high opy numbers of alkB in agriultural and forest soils that havenot been arti�ially ontaminated. Consequently, they proposed that the abundane ofalkB was related to alkanes originated from deaying organi material like plant litter.In addition, in the analyses reported above, no attention on the mirosale has beenpayed, as samples were destrutively taken in most ases without maintaining the soilmirohabitats. The present thesis links the dynami of alkB genes and transripts atdistint mirohabitats with the degradation of plant litter material. Therefore not onlythe proesses in the litter layer but also in di�erent soil ompartments were analysed inthe ourse of time.6.1 Deay of plant material and dynami of alkB in the detri-tusphere and di�erent soil ompartmentsDuring the �rst weeks of litter deay, easy degradable and water soluble ompounds (e.g.amino aids, sugars, proteins) beome ongruently metabolized or transported into ad-jaent soil layers via leahing proesses [116℄. As a result, high losses of plant mass anbe observed at this time. With ongoing inubation, litter quality hanges with inreas-ing onentrations of more realitrant substrates (e.g. lignin). As deomposition ofthese substrates is muh omplex, degradation rates beome attenuated [72; 248℄. Suhtwo-step degradation of litter material was also observed in the present study. Here, thedegradation of pea litter was signi�antly higher than deteted for maize. This �nding83



Disussionmight be explained by the remarkable disrepanies in the arbon to nitrogen ratios(C/N = 30 for maize [93℄, C/N = 12 - 16 for pea [131℄), as nitrogen was found to be adriving fator for su�ient deomposition [59; 150; 224℄. Moreover, by using mass spe-trometry analyses of the litter types used in this Ph.D. thesis, di�erenes in the alkanequality and quantity between the two plants were deteted (Publiation III). These�ndings support data of earlier studies, where signi�ant higher wax alkane frationswere found in pea ompared to maize [14; 66℄. Nevertheless, amounts of alkanes are notonly orrelated to the genotype, but also impated by the phenotype of the plant. Asdemonstrated for leaves of tree tobao [27℄, aumulation of utiular waxes and theorresponding amounts of alkanes was inreased in response to environmental stresseslike drought events. As a result of varying phytomorphologi onditions, the release ofn-alkanes during the litter deay might be di�erent and onsequently in�uening theabundane and ativity of alkB -harbouring bateria. Conversely, the dynami of thesebateria might not be related to the degradation of alkanes only, as their amounts in thelitter material were to low (Publiation III). Therefore, the use of other litter derivedeasy degradable ompounds [9; 163℄, released in higher amounts in pea litter, as well aso-metaboli degradation must be postulated, whih is further supported by the generalgrowth of total bateria (rpoB genes). Despite this, suession of the baterial om-munity by epiphyti fungi, already present on the fresh litter [89℄, must be onsideredalso. In onsequene of potential antimyoti agents found in pea [40℄, growth of thesefungi ould be hampered in pea ompared to maize litter, leading to inreased baterialgrowth.Sine n-alkanes are a major part of utiulary waxes, they beome released during thedeomposition of plant litter material and subsequently enter the soil with the water �ow.In response to the rising availability of nutrients, mirobial ativities in the detritusphereinrease. Beare et al. [21℄ reported on a general progression of mirobial biomass in aspatial and temporal manner, as a result of plant litter deay. The subsequent dispersionof released alkanes is thereby extremely linked to the hain length and the soil ompo-sition. For example, Leythaeuser and Shae [123℄ demonstrated dereasing mobility oflight alkanes with inreasing hain length, as a result of dereasing dissolving abilities inliquids. Furthermore, interations of n-alkanes and soil ompounds were identi�ed as keyplayers in their bioavailability. For instane, hain length dependent adsorption to soilorgani matter (SOM) and lay minerals as well as the di�usion into smaller soil pores,inaessible for mirobes, were both demonstrated in several studies [24; 137; 176℄. Asa result, the maro-porosity of sandy soils in opposite to the miro-porosity of silty soils84



Disussionmight favor the alkane transport [11; 64℄. Consequently, the ativity and abundane ofalkB -harbouring bateria is di�erently impated in the two soils. Anyhow, Löser et al.[130℄ reported on the ability of sand to restrain alkanes as well, whih was supposed tobe the onsequene of a miro-porous surfae of the sand partiles. Besides, humi aidsan at as reservoirs for aliphati hydroarbons and arboxyli aids (fatty aids) [102℄.Alkanes introdued by plant residues before the inubation experiment started, ouldhave been persisting in arable soils. Consequently, the mirobial ommunity might beimpated during the inubation experiment. In addition, this phenomenon ould bemore pronouned in silty than in sandy soils [189; 193℄ as a result of higher lay min-eral ontents. Interestingly these hypotheses are underlined by the deteted dynamiof alkB genes in the ontrol miroosms whih were not inubated with litter mate-rial. As a result of the mentioned fators impating the bioavailability of alkanes, hotspots of mirobial ativities our, whih have been pointed out to be highly importantfor the mineralization of litter derived ompounds [63; 162℄. However, the quanti�a-tion of alkB in the litter-soil-interfae ompartment further support the hypothesis ofa soil texture indued alkane sequestration. For instane, due to the properties of siltysoil, alkanes were not removed by leahing proesses leading to inreased opy num-bers of alkB. Conversely, alkane losses due to leahing resulted in onstant amounts ofalkB in the same ompartment in sandy soils. Despite gene abundanes kept onstantor inreased only slightly during the inubation, alkane onentrations dereased on-stantly (Publiation III). Furthermore, the spei� indution was redued by trend inthe same time in some ompartments, indiating an attenuated gene expression. These�ndings might be explained by isohroni expression of alkB paralogues genes, whih areexpressed in dependene of the alkane hain length and the growth state of the ells re-spetively. For example, Tani et al. [216℄ reported on two alkane monooxygenase genes inAinetobater sp. M-1 whih were di�erently expressed either by growth on medium-(C16 - C22) or long-hained alkanes (> C22), respetively. Furthermore, expression ofalkB2 from P. aeruginosa was highest during the early exponential phase, whereas alkB1was indued at the late exponential phase [141℄. Beside this, the results ould also pointto alkane degradative systems relying on other atalyti enzymes inluding ytohromesP450 (CYP153, CYP52) [90; 235℄, AlmA [223℄, AlmA-related enzymes [134℄ as well asLadA [57℄. Furthermore, it is onsiderable, that alkane derivates like fatty aids, alka-nols and long-hained aldehydes, derived from metaboli pathways ourring in thesesystems, might be further metabolized by alkB -harbouring bateria without using thisgene (Fig. 7). 85



DisussionAnyhow, independent of the soil type, signi�ant lower quantities of alkB were foundin the soil ompartments, ompared to the litter layer. Beside the remarkable higheramounts of available nutrients in that layer, di�erent ommunity strutures of alkB -harbouring bateria in litter and soil ompartments might lead to varying quantities.For example, as alkB an our in up to �ve gene opies [240℄, inreased quantities wouldbe deteted in ommunities inluding strains harbouring multiple alkB gene opies. Asshown in Publiation III, signi�antly di�erent alkB -harbouring ommunities were de-teted in litter and soil ompartments. Congruently, di�erenes in the gene opy numbersof alkB in the litter-soil-interfae layer of sandy and silty soil miroosms might also bethe result of alternating ommunities. Interestingly, the respetive layers shared moresimilarity with eah other than to the orresponding bulk soil ompartments. This fur-ther supports the hypothesis of the soil type dependent bioavailability of alkane in thatompartment. In addition, o-metabolization of alkanes and other nutrients in littertype dependent amounts might also our. In onsequene of higher nitrogen amountsin pea litter, alkane degradation ould be more e�etive leading to inreasing amountsof alkB -harbouring bateria. Nevertheless, no or only slight di�erenes between theompartments of the individual soil miroosms were found on the expression level. Itis therefore reasonable that other ompounds than litter derived alkanes and the orre-sponding interation with soil partiles (e.g. minerals, organi matter) might play a role.For example, water soluble nutrients or eletron reeptors might in�uene the ativity ofalkB -harbouring alkane degraders rather than the ompartment type. Furthermore, inmost ases omparable tendenies in the spei� indution of alkB were found betweenthe di�erent soil types, further supporting the impat of other fators.6.2 Abundane of alkB-harbouring bateria in di�erent om-partments of MCPA spiked soilsHerbiides like MCPA frequently reah the soils by getting washed from the leaves dur-ing rain fall or irrigation. Furthermore, the hemials an enter the detritusphere, whenlitter material is introdued to it by the ativity of soil eukaryotes (e.g. earthworms) orby tillage. Despite many studies fousing on the fate of MCPA in the environment wereaomplished in the last deades (e.g. [39; 82; 128; 227℄), knowledge about the impaton distint funtional bateria is still rudimental. Tejada et al. [220℄ reported thatMCPA is a potential inhibitor for the ativity of telluri enzymes. Contrary, no negativee�et on the soil mirobial ommunity was monitored, even after exessive appliation[8; 45; 244; 266; 220℄. Nevertheless, it is onsiderable that the alkane monooxygenase86



DisussionAlkB ould also be hampered by this herbiide. MCPA, whih is an aid anioni herbi-ide, an potentially adsorb to minerals in dependeny of the soil pH (e.g. [46; 222℄) orthe soil organi matter ontent (e.g. [22; 73; 74℄). Consequently, abundane of MCPAmight be heterogeneous in the soil matrix, with omparatively high amounts in thelitter-soil-interfae layer and lower onentrations in bulk soil. Therefore, the in�ueneof MCPA on alkB -harbouring bateria in di�erent soil depths was analysed.The present study ould not reveal a signi�ant impat of MCPA on the abundaneof alkB genes. Comparable trends in the dynami of alkB -harbouring bateria weremonitored in all soil ompartments of water and MCPA amended miroosms. In thelitter-soil-interfae layer, inreasing amounts of alkB were ongruent to opy numbersof 16S rRNA suggesting that easy degradable ompounds (e.g. gluose, amino aids)rather than litter derived alkanes might be the driving fators for baterial growth. Thedynami of alkB revealed omparable tendenies to the dynami of alkB -harbouringbateria found in experiment 1. Although ompletely di�erent time points were sam-pled and various plant litter was used in both experiments (maize and pea in E1, wheatin E3), an inrease in the abundane of alkB in the litter-soil interfae layer during theinubation was observed. Conversely, dynamis di�ered in the bulk soil layers. Further-more, gene opy numbers were about three orders of magnitude lower in E3, despite thesame soil type was used in both experiments. As reviewed by Bardgett et al. [17℄, soilmirobial ommunity strutures seasonally hange depending on the nutrient availabil-ity. For example, bateria dominate mirobial biomass in autumn, whereas fungi aremore pronouned in winter. Consequently, preparation of soil samples for the inubationexperiments at di�erent seasons (e.g. autumn in ase of E1 and winter in ase of E3respetively) might explain variations in the opy numbers.However, the data of the present thesis revealed a diret in�uene of the herbiide on theamount of total bateria. The slight inrease of 16S rRNA in the bulk soil layers (3 - 6mm, 6 - 9 mm) of MPCA amended miroosms, ould point to the promotion of MCPAdegrading bateria. In addition, Publiation IV ould demonstrate the omplete dis-persal of the herbiide within six weeks after appliation, whih further supports thistheory. Besides, a stimulation of MCPA degraders in these ompartments ould also beaomplished by water soluble biostimulants derived from the deaying litter material[164; 220℄. In ontrast to this, reent studies [82; 164℄ proposed that the observed ten-deny ould be the result of MCPA loss via leahing proesses or adsorption to mineralsand organi matter. Nevertheless, by high resolution quanti�ation of 16S rRNA genesin miroosms overed with maize, Poll et al. [164℄ demonstrated a steep gradient for-87



Disussionmation of total bateria with the soure at the litter-soil interfae and the sink in deeperbulk soil layers. Conversely, the present thesis revealed only slight hanges in the abun-dane of total bateria in the di�erent soil ompartments. On the one hand, this ouldbe the onsequene of a low resolution due to methodial limitations. On the other hand,disrepanies ould also be the result of di�erent C:N ratios as various plant litter typeswere used. In the present thesis pea litter was used, whih has a higher nitrogen ontentompared to maize. Consequently, leahing nitrogen might result in an improved supplyin the soil ompartments, leading to elevated baterial growth. Furthermore, soil fungiin the detritusphere might play in important role in the transloation of bateria. Forinstane, in a study of Wong and Gri�n [258℄ baterial movement along the hyphae ofdead fungi was demonstrated. Moreover, several studies revealed the ative transloa-tion of bateria in the water �lms oating the hyphae of proliferating fungi [122; 253℄.Anyhow, the di�erenes in the relative distributions of short- and long-hained alkanesmonitored in water and MCPA amended soils suggest slight hanges in the ommunitystruture of alkane degrading miroorganisms. In MCPA ontaminated soils alkane de-grading systems other than the AlkB-related pathways (e.g. Cyp153, Cyp52) ould beprivileged. Temporal shifts in the baterial ommunity struture, whih were induedby the addition of MCPA, were demonstrated earlier by Vieublé Gonod et al. [244℄.Furthermore, as a onsequene of an impeded enzymati ativity of AlkB as shownfor authohthonous laases and glutamine-dehydrogenases [161; 187℄, response to litterderived alkanes ould be delayed.6.3 Dynami of alkB in arti�ial soilsDuring litter deay, easy degradable ompounds as well as alkanes are released into thedetritusphere. By entering the soil, these ompounds di�erentially interat with layminerals leading to alternating bioavailabilities. In onsequene of this interation, dis-tribution of substrates in the soil matrix as well as abundanes of mirobial onsumersis very heterogeneous.However, due to their hydrophili surfae, lay minerals are supposed to be ine�etivesorbents for adsorbing organi ompounds like hydroarbons [104; 171℄. In fat, sev-eral studies fousing on the lay minerals montmorillonite and illite were done, report-ing on su�ient adsorption of aromati hydroarbons like toluene, xylene or benzene[125; 124; 151℄. On the ontrary, no interation between aliphati hydroarbons andmontmorillonite was monitored in earlier studies. For instane, MaEwan [133℄ foundno adsorption of n-hexane and n-heptane, even when boiling the mineral in these liquids.88



DisussionFurthermore, Barshad [18℄ supposed these �ndings to be the result of the non-polar na-ture of the minerals. Anyhow, the results of the present experiment learly demonstrateda gradient formation in the soils of both ages. The highest abundanes of alkB geneswere monitored in the litter-soil-interfae layers, whereas lower amounts were found inthe bulk soils. On the one hand, this ould be a diret response of alkB -harbouringbateria to the release of litter derived alkanes as also indiated by the data from E1and E3. On the other hand, retention of alkanes in natural soils is mediated by theadsorption to soil organi matter (e.g. humi substanes), whih is drastially reduedin the arti�ial soils. Sine no binding of saturated hydroarbons to lay minerals wasobserved before, leahing of alkanes into deeper soil layers is onsiderable. Conversely,persistene of hydroarbons in the analysed soils ould be impated by weak van derWaals fores. These fores mediate the temporal limited attration between non-polarmoleules like alkanes. As physio-hemial analyses of di�erent ompounds like mont-morillonite, illite and haroal revealed surfae areas between 100,000 and 800,000 m2kg−1 [55; 125; 148℄, the van der Waals fores might be inreased. In onsequene weakinterations between alkanes and these ompounds ould our. However, no signi�antdi�erenes between the mixtures were found indiating other fators than alkanes tobe the driving fator for baterial performane. For example, the enhaned growthsof total baterial after litter amendment might be the onsequene of easy degradableompounds. Interestingly, alkB gene opy numbers in the arti�ial soils were signi�-antly redued ompared to natural soils where amounts up to 5.5 * 105 opies ng−1DNA were deteted [107℄. Due to the fat, that manure was supplied only one atthe beginning of pre-aging, nutrients might beome depleted during the inubation. Asa result, mirobial ativity would be redued after twelve months of pre-aging, wheremirobial response to retreated nutrient supply (e.g. via litter appliation) would beinreased. Vie versa, due to the fat that residues of manure would be still available atthis time, the response to substrate addition after three months of pre-aging would beattenuated as demonstrated by the T1/T0 ratios. Anyhow, dereasing mirobial ativ-ity during pre-aging was on�rmed by CO2 respiration measurements frequently donein parallel to the inubation [170℄. Moreover, inreased response to litter amendment inthe twelve month pre-aged soils ould be the result of reombination proesses also. Asdemonstrated in several studies, lay minerals potentially at as reservoirs for free DNA[67; 68; 155℄, failitating spontaneous reombination of mirobial ells [103; 129℄. It istherefore onsiderable, that non-alkane degraders ould be transformed with releasedalkB genes, ontributing to the mirobial alkane degrading ommunity. 89



Disussion6.4 Methodial onsiderationIn the present Ph.D. thesis quantities of genes and transripts were ompared. Sinethe extration of nulei aids from environmental samples is hallenging and in�uenedby various fators (e.g. inomplete ell disruption [62℄, sorption of released nulei aidsto minerals [114℄), a suessful isolation in su�ient amounts is neither guaranteed norreproduible. To redue insu�ient yields, DNA and RNA an either be extratedseparately by divers a�nity olumn extration kits or simultaneously by using a phenol-hloroform extration protool after Gri�ths et al. [69℄. Interestingly, none of theprotools mentioned above an e�etively remove humi substanes due to physio-hemial properties being omparable to those of nulei aids. These substanes arepotential inhibitors for enzymati downstream appliations and were shown to i) inter-fere with lyti enzymes [91℄, ii) bind DNA and Proteins in general [261℄ or iii) in�uenethe interation of DNA polymerase and their targets [219℄. However, to enhane ompa-rability of the abundanes of genes and transripts, o-extration of DNA and RNA byusing phenol-hloroform was done in the present thesis. Hampering e�ets of eventuallyremained inhibitors were redued by the dilution of samples below the ontaminant'sminimum inhibitory onentration (MIC) during real-time PCR. For instane, severalstudies demonstrated the MIC of humi substanes in the range of 0.1 and 0.2 ng µL−1[112; 221℄. Furthermore, additives like BSA an also redue the hampering e�ets byinreasing the MIC of humi substanes.In the present study, serial dilutions of the samples and the addition of BSA to thePCR reation mixture were used. Furthermore, the e�ieny of gene quanti�ation byreal-time PCR is strongly dependent on i) the e�etive binding of the primers to thetemplate, ii) a su�ient denaturation of the target DNA and iii) high ativity of theDNA polymerase. Beside the use of degenerated primers, whih have been improved bythe introdution of inosine nuleotides, magnesium hloride and BSA were added to thePCR reation mixtures (Publiation II). As a result, ampli�ation e�ienies ouldbe improved and inreased up to 86%.Anyhow, after data ahievement a deision needed to be done, whether the results shouldbe related to i) one gram of soil, to ii) ng of isolated DNA or DNA or to iii) opy numbersof housekeeping genes like 16S rRNA or rpoB respetively. In the �rst ase an inreasein abundanes of genes and transripts is diretly linked to an elevated biomass and en-haned ativity. On the ontrary, linking data to extrated nulei aids might lead toan overestimation, as DNA and DNA whih are not orresponding to ertain baterialor fungal groups might be o-extrated (e.g. herbal DNA or DNA from small inverte-90



Disussionbrates). In the latter ase, amounts of target genes are related to di�erent funtionalgroups, whih an be hallenging. As known from literature, numbers of 16S rRNAoperons an vary between the di�erent baterial taxa [3℄ leading to a total of one to 15hromosomal opies [106℄. In ontrast, relation of the data to the abundane of the highlyonserved rpoB gene, ould be an alternative as it ours in single hromosomal opiesonly [41℄. In the present study data about the abundane of alkB genes and transriptswere orrelated to the amount of soil used for extration. Analyses of the abundaneof total bateria were dependent on the respetive experiment and were either relatedto 16S rRNA (E3) or rpoB (E1). Temporal shifts in the ommunity struture fromr- to k-strategists and soil type dependent availability of nutrients and water, requirethe analysis of a single opy gene (rpoB) when omparing two di�erent soils (E1) witheah other. Conversely, in an experiment, where only di�erent ompartments within onesoil should be analysed during a short time (E3) inubation, the more frequently used16S rRNA genes were the best standard.6.5 Overexpression of AlkB and synthesis of polylonal anti-AlkB antibodiesDespite beoming a standard proedure in the most laboratories, large sale protein syn-thesis is still hallenging. Numerous fators like i) the odon usage of the host strain, ii)the nutrient level of the ultivation medium and iii) the inubation temperature in�uenethe e�etivity of protein prodution and seretion, partiularly of membrane proteinslike AlkB. The protein prodution at non-physiologial levels might lead thereby to astalled seretion, due to the limited apaity of the protein transloation mahinery inEsherihia oli (e.g Se-dependent pathways) [183℄. In onsequene nasent proteinsare not formed orretly during the passage through the membrane, resulting in trun-ated polypetides and inlusion bodies. Under those onditions, dereased yields mightbe the onsequene of a seretion stress indued protease ativity. To overome this,inubation was done at 30 ◦C as a redution of inubation temperatures was shown tobe bene�ial (exemplarely [65; 195℄), whih was also indiated in the present study by aonstant growth rate after indution. By using E. oli strain W3110 the maximum syn-thesis rate of AlkB was ahieved already one hour after indution. Congruently, AlkBamounts reahed only around 4.5% of the total protein, whih is in ontradition to the10 - 15% reported in other studies where overexpression using the pGE47-vetor wasdone [153; 157℄.In order to simplify the puri�ation of overexpressed AlkB, the protein was fused to91



Disussionthe signal sequene of membrane protein OmpA, aomplishing its seretion into theperiplasm. The AlkB protein ould not be isolated from the periplasm but was ex-tratable from whole ell extrats by the use of sodium-dodeylsulfate (SDS), whihwas on�rmed by mass spetrometry analysis. As SDS failitates the disintegration ofphospholipid layers, this �nding might either indiate the formation of intraellular low-density vesiles ontaining AlkB [153℄ or a stalled transloation of the protein due tothe six hydrophobi transmembrane domains (TMD) ating as moleular anhors. Inonsequene, AlkB ould be aumulated in the ell membranes of the host strains asproposed earlier by Nieboer et al. [154℄.However, large amounts of ontaminating proteins with moleular weights between 25and 100 kDa were monitored after the puri�ation of whole ell extrats from E. oli.On the one hand those ontaminants ould be o-isolated biotinylated proteins like thebiotin arboxyl arrier protein (BCCP), whih is one of the subunits of the aetyl-CoAarboxylase omplex (ACC) [32℄. This highly unstable omplex ould disintegrate dur-ing gel eletrophoresis with 0.1% SDS resulting in numerous bands of di�erent moleularweights (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 alkanemonooxygenase itself (also known as ω-hydroxylase) an oour in large omplexeswith a moleular weight up to 2 * 103 kDa. In solutions with low SDS ontents (e.g.0.075% SDS as used during the load of the puri�ation olumn) suh omplexes wouldbe intat but ollapse into smaller subunits (e.g. up to 42 kDa) at higher amounts ofSDS as used in the 1D-SDS-PAGE-running bu�er after Laemmli et al. [118℄.Anyhow, neither the spei� bloking of BCCP with avidin nor the disruption of boundACC by inreased ioni strength, in order to get protein frations below 40 kDa, weresuessful.In the present study, exised gel slies ontaining AlkB were used for the immuniza-tion of rabbits. Due to the low protein yield, only minor ontents ould be used forsubutaneous injetion at one. The subsequent antisera, whih where supposed toontain anti-AlkB antibodies, were tested monthly with samples from non-indued andindued ells. In the latter, bands were deteted whih were absent in non-indued ellsand might onsequently indiate the prodution of low amounts of anti-AlkB antibodiesalready 120 days after �rst injetion. Despite the frequent injetion of gel slies, inreas-ing amounts of anti-AlkB were not deteted, as signal strength remained onstant. Inaddition, deteted bands whih were supposed to represent AlkB, o�ered higher mole-ular weights as expeted. Anyhow, during gel eletrophoresis, proteins are separated92



Disussionby their moleular weight and not by their onformation. In this ontext, migrationof membrane proteins an be di�erent from ytoplasmati ones, as more SDS is boundto the inreased number of TMD's. For instane, signi�ant higher amounts of SDSadsorbed to the transmembrane protein CP-B2 from Rhodospirillum rubrum [149℄ om-pared to ytoplasmati proteins [175℄. Furthermore, aggregation of highly hydrophobimembrane assoiated proteins was observed when they were boiled in lassial Laemmlibu�er [191℄. This phenomenon was also reported earlier for latose permease [245℄ andbateriorhodopsin [87℄. As a result, a shifted protein migration during SDS-PAGE wasmonitored. Hene, the exat determination of the moleular weight by using generalmoleular size standards is hampered.Regardless of the reported di�ulties, Xie et al. [262℄ were reently able to isolatelarge amounts of overexpressed AlkB from the phospholipid fration of E. oli strainDE3. In their study, yields of approximately 1 mg of biologial ative AlkB were re-ported, when disruption and solubilisation of the ytoplasmati membrane was doneusing 10 times the ritial miillium onentration (CMC) of lauryldimethylamino ox-ide (LDAO). This detergent showed no interferene during the binding of strep-taggedproteins to the Streptatin residues as monitored with 1.5% SDS (6.5 CMC). Conse-quently, the new protool might be suitable for the general isolation of high amountsof membrane proteins. Nevertheless, other strategies for the prodution of mono- orpolylonal anti-AlkB antibodies should be onsidered also. For instane, the in vitrosynthesis of short AlkB peptides representing the interregional parts between the dif-ferent transmembrane domains (refer to Figure 5) ould be used for the produtionof peptide antibodies. Sine the extraellular loated regions are to short to resultin su�ient polypetides, the use of the orresponding intraellular linkers might bemore suessful. In order to get an suitable peptide sequene for immunization, AlkB1(NP_251264.1) and AlkB2 (NP_250216.1), whih both atalyze the initial step in thedegradation of middle-hained alkanes (C16−C24 and C12−C20 respetively), were anal-ysed in silio in the present Ph.D. thesis. Therefore, sequenes of both proteins wereindividually blasted against all mirobial protein sequenes available up to date at theNCBI database. All amino aid sequenes from fakultativ and obligate soil miroorgan-isms whih showed a query overage of >85% were subsequently blasted against eahother to �nd onserved regions. As a result, only a few onserved regions beside thehistidine motifs were found. A region diretly loated next to histdine motif four (HIS4) revealed high onvergene and was onsequently hosen for the extration of a on-sensus sequene (ANPTRSYQALRHFDDAPQLP) as shown in Figure 36. To hek for93



Disussionits spei�ity, the hosen sequene was blasted one more against all available mirobialAlkB proteins. As Table 12 summarizes, only alkane degrading bateria using the AlkB-related alkane degradation pathway were revealed. Interestingly, representatives from α-,
β-, γ-proteobateria, Atinobateria as well as the Bateroidetes/ Chlorobi-group andthereby also inhabitants of marine environments were retrieved, whih emphasises theoverall detetion in di�erent habitats.
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Disussionstrain aession number (NCBI) e-valueAlanivorax borkumensis SK2* YP_694427.1 6 * 10−2Ainetobater sp. DR1 YP_003732938.1 1 * 10−4A. junii SH205 ZP_06065934.1 8 * 10−3A. baumannii ATCC19606 ZP_05827357.1 8 * 10−3A. aloaetius RUH2202 ZP_06056754.1 8 * 10−3A. haemolytius ATCC19194 ZP_06725872.1 8 * 10−3Burkholderia ubonensis Bu ZP_02380481.1 3 * 10−6B. enoepaia AU1054 YP_620386.1 3 * 10−6B. multivorans ATCC17616 YP_001945311.1 3 * 10−6B. ambifara AMMD YP_772734.1 7 * 10−6B. pseudomallei 305 ZP_01764629.1 7 * 10−6B. gladioloi BSR3 YP_004361423.1 6 * 10−5Caulobater sp. K31* YP_001672212.1 5 * 10−2Conexibater woesei DSM14684 YP_003397515.1 2 * 10−3Mirosilla marina ATCC23134* ZP_01689499.1 1 * 10−2Myobaterium sp. JDM601 YP_004525252.1 1 * 10−2Pseudomonas �uoresens Pf-5 YP_260041.1 9 * 10−6P. mendoina ymp YP_001188237.1 2 * 10−2P. aeruginosa PAO1 ZP_06878434.1 3 * 10−2Psyhrobater sp. PRwf-1 YP_001280943.1 2 * 10−2Ralstonia sp. 5_7_47FAA ZP_07673680.1 6 * 10−4R. pikettii 12J YP_001892637.1 6 * 10−4Rhodoous erythropolis SK121 ZP_04388098.1 3 * 10−3R. opaus B4 YP_002776786.1 2 * 10−2R. jostii RHA1 YP_702497.1 6 * 10−2Runella slithyformis DSM19594 YP_004654946.1 3 * 10−2Tsukamurella paurometabola DSM20162 YP_003647687.1 9 * 10−3Tab. 12: Spei�ty of AlkB polypeptide onsensus sequeneSeletion of strains with sequene homology to the polypeptide onsensus sequene of AlkB for the prodution of polylonalanti-AlkB peptide antibodies. *) assoiated with marine environments
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Conlusion & Outlook7 Conlusion and OutlookAs a onsequene of the interplay of di�erent lay minerals and organi matter, soil ma-tries omprise an extremely large surfae area. In various soil ompartments, mirobialturnover proesses take plae, whih are dependent on the bioavailability of substrateslike litter derived n-alkanes. In dependeny of their physio-hemial properties, inter-ation with lay partiles might be di�erent resulting in delining onentrations. Thus,a gradient might be formed from the litter to deeper soil ompartments, also impatingthe abundane of mirobial alkane degraders. In the present thesis, gradients of alkB -harbouring bateria have been monitored in agriultural as well as arti�ially mixturedsoils mimiking natural habitats. In arable soils gene abundanes were thereby depen-dent on the soil type, as no gradient formation was observed in sandy soil miroosms.Contrarily, experimental results of the arti�ial soils gave no hint for the impat of dis-tint soil minerals. Despite di�erenes in the herbal alkane quantity and quality, noimpat of the litter type on the dynami of alkB genes along the gradient was foundin natural or arti�ial soils. Nevertheless, litter quality slightly in�uened the ativityof alkB -harbouring bateria as demonstrated in experiment 1. However, the results in-diate other omponents (e.g. easy degradable ompounds or eletron aeptors) thanlitter derived alkanes as the driving fators for the abundane of alkB genes and tran-sripts at the di�erent soil ompartments.In spite of the potential inhibitory e�ets of herbiides on the soil mirobial ommunity,an impat of MCPA on alkB -harbouring bateria was not found.Sine alkane degradation proesses at the soil mirosale are omplex and still poorly un-derstood, further analyses highlighting the mirobial ommunity struture and ativityneed to be done. For instane, the dynami of other alkane degraders (e.g. bate-ria and fungi harbouring yp52 and yp153 genes) in relation to the total baterialand fungal ommunity would be interesting. The ombination of FISH-tehniques andthe use of antibodies against soil proteins ould give insights about the distribution ofalkB -harbouring alkane degraders and the orresponding AlkB-proteins. Anyhow, theadsorption of free DNA to lay minerals rises questions about the mirobial evolution atdi�erent soil ompartments and the dispersal of alkane degrading ability. Consequently,analyses inluding arti�ial soils with di�erent lay minerals should be expanded. Fi-nally, questions should be asked, whether similar results would be obtained with othersubstrates with di�erent physio-hemial properties (e.g. gluose, aromati hydroar-bons). 97
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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
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 (0–15 cm) 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 µl volume) was
performed with 2 mM MgCl2, 0.1 µM of forward and reverse primer
each, 0.06% bovine serum albumine, 0.25 U Taq polymerase including
the corresponding buffer (Invitrogen, USA) and 2 µl DNA. Amplifica-
tion was performed as touchdown PCR (10 min 95 °C, 5 cycles of 45 s
95 °C, 1 min 62 °C (stepwise reduced to 57 °C) and 45 s 72 °C,
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Table 1
Soil properties.

Sample Location Coordinates Soil use Texture pH Total carbon
(mg kg−1)

Total nitrogen
(mg kg−1)

Total hydrocarbon
(mg kg−1)

Co-contamination

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 Münsingen 48°37′ N 09°48′ E Mowed pasture Silty loam 5.2 53,791 5812 100 –

S04 Münsingen 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 5.4 104,676 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 43,139 617 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′ N 11°19′ E Mixed forest-fir Loamy sand 2.8 77,795 1748 2595 Heavy metals

Fig. 1. Comparison of alkB abundance using MPN- and rt-qPCR.
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30 cycles of 45 s 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 ImageJ 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 (25 µl volume) were performed with 2 mM
MgCl2, 0.1 µM forward and reverse primer each, 0.06% bovine serum
albumine, SybrGreen Master Mix (including polymerase; Applied
Biosystems, Germany) and 2 µl 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 = 10ð−1= slopeÞ−1 ½1�

e-values ranged from83% to 87%. Standard curves for the rt-qPCR assays
were linear (r2>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 S01
(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 µg−1 DNA) from
MPN-qPCR 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 II 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
differencesmaybe related to i) the lowerefficiencyof polymerase after 35
PCR cycles,which forms the basis forMPN-qPCRquantification compared
topolymerase 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 forMPN-qPCR
vs. regression for rt-qPCR), v) different levels of sensitivity of different
polymerases to potential inhibitors and vi) subjectivity for the detection
baseline.

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov


Fig. 2. Phylogenetic, aminoacid based PHYLIP-tree of clone sequences obtained from soil 1 using MPN-qPCR (PCR) and real-time-qPCR (qPCR) approaches. NCBI reference sequences
are marked in gray.
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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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Gerhard Welzl4, Hauke Harms3 and Michael Schloter2
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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

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
mm 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

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-
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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Neuherberg 85764, Germany.
E-mail: schloter@helmholtz-muenchen.de
5These authors contributed equally to this work.

The ISME Journal (2012), 1–12
& 2012 International Society for Microbial Ecology All rights reserved 1751-7362/12

www.nature.com/ismej

http://dx.doi.org/10.1038/ismej.2012.17
mailto:schloter@helmholtz-muenchen.de
http://www.nature.com/ismej


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 C20 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 oC30, 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, a-, b- and g-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,

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 (0–5 cm; 48 cores each) at an agricultural
research farm located 45 km 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 0.01 M CaCl2. The soil cores
were equilibrated for two weeks at 14 1C 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 (T0). Nine soil cores of each soil
type were incubated with 1 g dry weight (dw) fresh
litter material from maize (Zea mays L), respectively,
pea (Pisum sativum L) with a piece size of 25 mm2,
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 (1 g litter material per bag; 50mm 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 1C 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
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bulk soil 1–1.5 cm 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
2–3 mm below the litter layer. Samples were either
shock frozen in liquid nitrogen and stored at �80 1C
for molecular analysis or, respectively, dried with
anhydrous Na2SO4 (ca 10–15 g) 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 1.5 g soil or 0.5 g of
pooled litter. Samples were extracted twice with
20 ml (60 min extraction time) and 10 ml (30 min)
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, 50 ng 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 0.5 ml,
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
3–5 ml of hexane (HPLC-grade; Merck). Joined
extracts of the columns were concentrated (Turbo
Vap II vacuum system) to 0.5 ml. 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 1C, at a final time of 7 min and an initial helium
flow of 0.8 ml min�1. For the MSD Transfer Line
Heater an initial temperature of 280 1C was used.

Extraction of nucleic acids and cDNA synthesis
DNA and RNA were co-extracted as recently
described (Töwe 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 230 nm (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.

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 25ml
reaction volume contained 2 mM magnesium
chloride, 0.1 mM of alkB specific primers (Table 1;
Kloos et al., 2006), 0.06% BSA, 1� Power Sybr
Green Master Mix (Applied Biosystems) and 5–15 ng
DNA or 10–40 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 (r240.99) 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 1C impeded biased fluorescence signal
detection due to primer dimers.

Community structure of alkB harbouring bacteria
and their transcripts
DNA and 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 25 ml volume were
composed of alkB specific primers (Table 1), with
alkB_1f labelled with 6-carboxyfluorescein (6-FAM),
15–20 ng DNA or 120 ng cDNA, 1� Taq PCR Master
Mix Kit (Qiagen) and 0.12% BSA. The annealing
temperatures were set to 58.7 1C for 30 cycles for
DNA and 58 1C 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
260 nm (Nanodrop ND-1000, Peqlab). An amount of
100 ng purified DNA-derived PCR product or 10–
50 ng of cDNA-derived PCR product, respectively
(pooled from three independent PCR reactions), was
digested at 37 1C 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 15 s) using GeneScan 500 ROX as

Table 1 Primers used for the quantitative PCR and T-RFLP
analysis

Primer Sequencea,b Reference

alkB-1f 50-AAYACNGCNCAYGARCTNGGNCA
YAA-30

Kloos et al. (2006)

alkB-1r 50-GCRTGRTGRTCNGARTGNCGYTG-30 Kloos et al. (2006)

aUnderlined positions were substituted by an inosine nucleotide to
improve amplification efficiency.
bN bases A, T, C or G; Y bases C or T; R bases G or A.
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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 Pp0.05. See details on the statistical
analysis of T-RFLP data in the Supplementary
Material S1.

qPCR 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 (Po0.001)
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 C10–C40 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 180 mg g�1 for maize
litter and 6500 mg g�1 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 (P40.1), maize and pea
litter differed significantly (Po0.05) in their relative
chain-length distribution over time with consider-
ably higher fractions of very long chained alkanes
(C31–C40) in pea litter. Nonacosane (C29) and
hentriacontane (C31), 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 (P40.1) of the litter type
over time (Table 2). Starting with comparable alkane
loads in silty and sandy soil (206 ng g�1 soil, respec-
tively, 167 ng g�1), 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 (mg g�1) 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) (ng g�1) 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 (ng g�1) T0 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 mg g�1 (litter samples) or ng g�1 (soil samples), respectively. Standard deviations are given in brackets (n¼3). 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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in the residual amounts at T1 were significantly
dependent on the soil type (Po0.05) but indepen-
dent of the soil compartment (P40.1). 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 (Po0.05) 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
(Po0.05). Although sandy and silty soils shared a
similar distribution of alkanes with different
chain-lengths at T0 (2%; 50%; 48%, respectively,
1%; 40%; 59% for C10–C20; C21–C30; C31–C40) 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 (C31–C40) represented the
dominating alkane fraction (85%) in silty soils at
T3. At this time a highly significant impact of the
soil type was monitored (Po0.001) 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
(Po0.05), 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 (Po0.05). While in maize litter

Figure 1 Relative distribution of medium- (C10–C20), long- (C22–C30) and very long-chain (C32–C40) alkanes and for the dynamics of
nonacosane and hentriacontane (C29 and C31) as control for the most abundant plant wax alkanes during the incubation of sandy (a, c) and
silty (b, d) soil microcosms covered with litter of maize (a, b) or pea (c, d). The litter layer, litter–soil interface (0–1 mm) and the bulk soil
are indicated. Error bars represent standard deviations (n¼ 3).
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3� 1010 copies g�1 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 (P¼ 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� 1011 copies g�1 litter (dw).
The soil type had no significant influence on alkB
gene copy dynamics in litter. AlkB gene copy
numbers at the litter–soil interfaces and in the bulk
soil compartments were significantly lower (Po0.001)
than in the respective litter layer and ranged between
2� 108 and 9� 108 copies g�1 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 (P¼ 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 T0
independent of the plant litter type, the soil compart-
ment analysed or the soil type (P¼ 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)

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 C10–C20

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,
Po0.001). 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 (Po0.001) as
also observed for the soil type (Po0.05) and
the vicinity to the litter (depth, Po0.001).
Control samples especially of bulk soil incubated
without litter had similar patterns for alkB genes

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

Figure 3 T-RFLP based NMDS plots of alkB gene harbouring communities based on DNA-derived T-RFLP analysis (a, b) and mRNA-
derived T-RFLP-analysis (c, d) in sandy and silty soil microcosms covered with maize (a, c) and pea litter (b, d). Community similarity
was calculated using Bray–Curtis similarity measurement, which includes presence and relative abundance of T-RF. Note that only bulk
soil was sampled at T0, as no differences between litter–soil interface and bulk soil were expected at the beginning of the incubation.
Arrows are correlation vectors of diversity differences and environmental conditions with significance factors Po0.1 (for exact
significance level see Supplementary Material S4). Monte–Carlo permutation model based analysis with 1000 permutation and final
ANOVA was applied to test for significance.
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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 (Röling et al. 2004;
Hamamura et al. 2006; Vázquez 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

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
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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 (C10–C20) 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 (C31–C40) at both compartments possibly in-
duces alkB gene paralogues others than expressed
with long-chain alkanes (C21–C30), 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.

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 * * * * * 
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.  

 

*) 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. 

 

 

 

 

 

alkB sequence homology 
to published sequences T-RFa 

% detection in 
DNAb 

% detection in 
cDNAb  

 litter soil control litter soil control 

 

 63 (69) 21 100 100 93 88 92 
e.g. H. phototrophica 
(ZP_02166109) 

117# (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 



 

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 
time *** * - . - 
depth *** *** * - *** 
soil type - - . - * 
litter type n.d. n.d. n.d. n.d. *** 
alkB gene copy number * ** . - *** 
alkB mRNA copy number *** ** - - *** 

total alkane  *** *** - - n.d. 
relative amount of C10-C20 alkanes * * - . n.d. 
relative amount of C21-C30 alkanes - ** - - n.d. 
relative amount of C31-C40 alkanes - ** - - n.d. 
relative amount of C29 and C31  - ** - - n.d. 

molecule type n.d. n.d. n.d. n.d. *** 
 .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.  

 



 

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.  
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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)
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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

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- andmiddle-chained alkanes
suggest an interaction of MCPA and alkane degradation. alkB
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 T0 to T3 was visible
in the upper soil compartments whereas a decrease compared to
T0 was measured in the deeper soil compartments. MCPA
addition resulted in an increase of alkB abundance at T6. Gene
copy numbers of 16S rRNAwere 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 T0 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
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or directly reaches the soil during its dispersion, can be rapidly
degraded by soil microorganisms (Crespín et al. 2001). There-
fore, over the last decades, the environmental fate of this
herbicide and its impact onMCPA-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 tfdA 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 C5 and C16 (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

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,
pHCaCl2 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 × 3-cm height, with a bulk soil
density of 1.2 gcm−3) 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−1 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 mm²) 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 CaCl2 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: 0–3, 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 CaCl2 (Merck, Darmstadt,
Germany) and shaken vigorously for 20 min at 250 rpm.
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After subsequent centrifugation (2500×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 (CaCl2 and methanol) were filtered using 0.45-μm
syringe filters (Chromafil PP/RC-45/25, Macherey-Nagel,
Düren, 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-μm 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 mlmin−1. 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 Na2SO4 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−1. 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 Töwe et al. (2011) without adding β-
mercaptoethanol to the extraction buffer. Quality and quantity
of the isolated DNAwas determined spectrophotometrically at
260 and 230 nm (Nanodrop® ND-1000, Peqlab, Germany).
Sybr® Green-based quantitative real-time PCR (qPCR) was
accomplished by using the ABI Prism 3300 system (Applied
Biosystems, Foster City, CA, USA). For qPCR of alkB 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 (r2>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 alkB 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 CaCl2 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 (T0). The
determination of the MCPA degradation rates revealed a
fast decomposition already after 1 week (T1) of application
in both fractions (CaCl2 and methanol) in all soil compart-
ments (Fig. 1). The degradation of the applied MCPA was
higher (P00.02) 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 μg g−1 soil dry weight
(dw)) in the CaCl2 fraction as well as in the methanol
extracts (1 to 2 μg g−1 soil dw) and resulted in concentra-
tions below the detection limit of 5 ng g−1 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 C20

significantly increased over time up to 7 ng g−1 (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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amount of short-chained alkanes (C10–C19) 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 C20 and C29, 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−1 dry soil but did not exceed
55 ng g−1. In the control microcosms, the amount of middle-
chained alkanes (C20–C29) increased in the first week of
incubation whereas concentrations remained constant or

Fig. 1 Concentrations of MCPA in different soil compartments (0–3,
3–6 and 6–9 mm under the litter layer) during a microcosm experiment
of 6 weeks. The herbicide concentration was measured in replicates
(n04) at the beginning (T0) and after 1 week (T1), 3 weeks (T3) and
6 weeks (T6) of incubation using a sequential extraction with CaCl2
(black bars) and methanol (open bars). The error bars represent
standard deviation

Fig. 2 The response of total short- (a, d), middle- (b, e) and long-
chained (c, 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–c) and MCPA (d–f) spiked microcosms at the

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 (n04)
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decreased at T3 and T6, indicating a degradation of these
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−1 soil (dw), indicating a decreasing
degradation at the end of the experiment inmicrocosms spiked
with MCPA.

Interestingly, the amount of long-chained alkanes (C30–C40)
at T1 increased to a maximum of 110 and 150 ng g−1 soil in the
first compartment (0–3 mm) of the control and MCPA-spiked
microcosms, respectively (Fig. 2c and f, Table 1) at T1, indi-
cating a fast litter decomposition and the release of hentriacon-
tane (C31) 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−1 soil (dw) and changed only slightly towards T6.

The quantification of the alkane monooxygenase gene alkB
demonstrated that copy numbers did not exceed 1×105 copies
g−1 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 (T0–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 alkB was not detect-
able at the early time points of sampling (T0, 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 rRNAgene 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 1×109 copies g−1 soil (dw) and
ranged between 1×108 and 1×109 copies g−1 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 T0 in all soil
compartments in the MCPA-treated samples.

Discussion

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 μg g−1 soil (dw), the resulting
concentration in soils after field amendment is expected to
undercut a limit of 4–5 μg g−1 (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 μg g−1 soil (dw) of MCPAwas
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

Table 1 Correlation of gene
copy numbers and concentration
of total alkane species by multi-
factorial ANOVA with time,
treatment and soil compartment.
*P<0.05

Factor ANOVA P values

alkB 16S rRNA C10–C19 C20–C29 C30–C40

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 × compartment 0.691 0.605 0.461 0.949 0.000*

Time × treatment 0.694 0.200 0.390 0.777 0.264

Compartment × treatment 0.746 0.299 0.223 0.665 0.353

Time × compartment × treatment 0.773 0.837 0.185 0.244 0.042*
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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 is 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.

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.

Fig. 3 Quantification of alkB
(a, b) and 16S rRNA (c, d)
genes in a microcosm
experiment after litter addition
to soil at the beginning (black
bars) and after 1 week (open
bars), 3 weeks (shaded bars)
and 6 weeks (dotted bars) of
incubation with water (a, c) and
MCPA (b, d). The different soil
compartments are indicated.
The error bars represent
standard deviations (n04)
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Our results clearly support this fact as the amounts of
higher alkanes (>C30) were comparable to T0 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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