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SUMMARY

SUMMARY

Methylotrophic microorganisms possess a unique metabolism that enables them to utilize
one-carbon (C1) compounds as a sole source of carbon and energy rendering methylotrophs
important sinks of atmosphere-relevant compounds such as methane, methanol and
chloromethane. These volatile organic compounds (VOCs) affect the climate and the
atmospheric chemistry. Although methylotrophic microorganisms are an object of research
since the 19th century, the environmental factors that drive their biodiversity in soils have
been hardly resolved. Most soil-derived methylotrophic isolates are neutrophilic and
facultatively methylotrophic, which means that they are capable of utilising multi-carbon
compounds. Thus, the substrate range as well as the pH might be important ecological
niche-defining factors for methylotrophs in a complex microbial community.

The current study analysed aerobic methylotrophs in an acidic deciduous forest soll
regarding their diversity, their substrate range in terms of utilisation of different C1
compounds and the capability to assimilate multi-carbon compounds, as well as the effect of

the pH of soil. Therefore, different incubation experiments mimicking in situ conditions were
applied t a r-agfeftii migt y 6 h i geht h a nulisersp prid schlorome¢hank-a n o |
utilisers.

Long-term incubations of soil slurries under methanotrophic and mixed substrate conditions
focussing on the methane degradation potenti al
affinityd USCU ( up | aaarophsgbased on gRCR snalgses tathptingnieet h
pmoA gene of uscu) and their substrate range re
comprising apparently sol ely met hane:-af fTheirey d&r
met hanotrophs s u c hlisealerndiw Gubstratds pdsitdes methane could not

be verified.

Insights into the metabolic behaviour and substrate range of soil-derived methanol-utilising
methylotrophs was enabled by slurry incubations, which were treated under methylotrophic
and mixed substrate conditions. The studies combined comparative stable isotope probing
(SIP) experiments and next generation sequencing (NGS) techniques with general (16S
rRNA, ITS) and methylotrophic specific (mxaF/xoxF, cmuA) marker genes. In this way,
members of the Rhizobiales were identified as methanol-utilisers of which Beijerinckiaceae
were the main methanol-utilisers. Beijerinckiaceae occupied a central role in a methanol-
dependent food web including other non-methylotrophic Bacteria (i.e., Acidobacteria,
Actinobacteria, Planctomycetes and Verrucomicrobia) as well as fungi (Trichosporon,
Cryptococcus, Mortierella). The identified substrate range of methylotrophic Beijerinckiaceae
was restricted to C1 compounds rather than multi-carbon compounds. Other methanol-
utilisers, such as Methylobacteriaceae and Hyphomicrobiaceae, likely possessed a larger
substrate range including acetate, sugars, and aromatic compounds.
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SUMMARY

Moreover, an unexpected diversity of chloromethane utilisers was uncovered comprising

taxa affiliated to Alphaproteobacteria (i.e., Beijerinckiaceae, Methylobacteriaceae,
Hyphomicrobiaceae, and Bradyrhizobiaceae) as well as Actinobacteria (i.e.,
Actinomycetales, Pseudonocardiaceae, and Microbacteriaceae). These chloromethane-

utilising taxawerefur t her c¢cl assified as different O6trophic
methanol and chloromethane as carbon and/or energy sources.

Furthermore, an experimentally induced pH shift was associated with substantial changes in
the active methylotrophic community, suggesting that the soil pH was a crucial niche-defining
factor of the detectable methanol utilisers. Under neutral but still methylotrophic conditions
Bacteroidetes (Flavobacteriaceae), Actinobacteria (Microbacteriaceae), and Beta-
proteobacteria (Methylophiliaceae) as well as the yeast Trichosporon were identified as
methanol utilisers.

The conclusions of the current work are therefore (i) that acidotolerant methylotrophic
Rhizobiales, especially Beijerinckiaceae, contribute to the main methanol sink in an acidic

forest soil, (ii) that soil-derived methylotrophs seem to possess a limited substrate range

including methane, methanol, and chloromethane regarding carbon assimilation under
environment al condi t pHoisvascrucig| ecolagi¢al niche-aldfining fasctor, s oi | & s
and (iv) that saprotrophic fungi and further soil Bacteria are tightly trophically linked to
methylotrophs in a complex microbial community in the investigated forest soil.
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Methylotrophe Mikroorganismen besitzen einen einzigartigen Metabolismus, der es ihnen
ermdglicht, C1-Verbindungen als einzige Kohlenstoff- und Energiequelle zu nutzen. Deshalb
sind Methylotrophe eine wichtige Senke fir gasférmige C1-Verbindungen wie Methan,
Methanol und Chlormethan, die fur die Atmospharechemie relevant sind. Diese fllichtigen
organischen Verbindungen (VOC, volatile organic compounds) beeinflussen das Klima und
die Chemie der Atmosphare. Obwohl methylotrophe Mikroorganismen seit dem letzten
Jahrhundert Forschungsgegenstand sind, ist das Wissen Uber die Umweltfaktoren, die deren
Biodiversitat steuern, begrenzt. Die meisten aus dem Boden gewonnenen lIsolate sind
neutrophil und fakultativ methylotroph, was bedeutet, dass sie in der Lage sind
Mehrfachkohlenstoffverbindungen zu nutzen. Aus diesem Grund konnten das
Substratspektrum sowie der pH-Wert wichtige Faktoren sein, die die 6kologische Nische von
Methylotrophen in einer komplexen mikrobiellen Gemeinschaft bestimmen.

In der vorliegenden Arbeit wurden aerobe Methylotrophe in einem sauren Laubwaldboden
bezogen auf ihre Diversitat, ihr Substratspektrum hinsichtlich verschiedener C1-
Verbindungen und ihrer Fahigkeit Mehrfachkohlenstoffverbindungen zu assimilieren, sowie
den Effekt des pH-Wertes im Boden analysiert.

Langzeitinkubationen unter methanotrophen und gemischten Substratbedingungen, die sich

auf das Methanabbaupot enzi al eines Waldbodens, diUe Abun
Methanotrophen (basierend auf gPCR Analysen des pmoA-Gens von USCU) und deren
Substratspektrum konzentrierten, ergaben ein sehr eingegrenztes Substratspektrum, das

sich scheinbar nur auf Methan beschrankt. Aus diesem Grund konnte die Vorstellung, dass
Ahochaffined Met hlalemativedkghlerstoffivaltige SubSti@Gte auRer Methan

nutzen kdnnen, nicht bestatigt werden.

Einblicke in das Stoffwechselverhalten und das Substratspektrum bodenbirtiger
Methylotrophen, die Methanol nutzen koénnen, wurden durch Inkubationsstudien unter
methylotrophen und gemischten Substratbedingungen ermoglicht. Diese Experimente
kombinierten vergleichende stabile Isotopensondierungsexperimente (SIP, stable isotope
probing) und Hochdurchsatz-Sequenzierungstechniken (NGS) auf Grundlage allgemeiner
(16S rRNA, ITS) und methylotroph-spezifischer (mxaF/xoxF, cmuA) Genmarker. So wurden
Angehdrige der Rhizobiales als Methanolnutzer identifiziert, wobei Beijerinckiaceae die
Hauptnutzer von Methanol waren. Beijerinckiaceae nahmen dabei eine zentrale Rolle in
einem methanol-abhangigen Nahrungsnetz ein, das andere Bakterien (Acidobacteria,
Actinobacteria, Planctomycetes und Verrucomicrobia) sowie Pilze (Trichosporon,
Cryptococcus, Mortierella) umfasste. Die als assimiliert identifizierten Substrate der
methylotrophen Beijerinckiaceae waren ausschlielich C1-Verbindungen und keine
Mehrfachkohlenstoffverbindungen. Bei anderen Methanolnutzern wie z.B.
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ZUSAMMENFASSUNG

Methylobacteriaceae und Hyphomicrobiaceae wurde ein breiteres Substratspektrum
detektiert, welches Acetat, Zucker und Aromaten einschloss.

AulBerdem wurde eine unerwartete hohe Diversitat chlormethannutzender Taxa identifiziert,
die den Alphaproteobacteria (Beijerinckiaceae, Methylobacteriaceae, Hyphomicrobiaceae
und Bradyrhizobiaceae) sowie Actinobacteria (Actinomycetales, Pseudonocardiaceae und
Microbacteriaceae) zuzuordnen sind. Diese chlormethannutzenden Taxa konnten zudem in
verschiedene At r o ghilichsderiNetzuigywpneMethianch ind €hHlormethan
als Kohlenstoff- und/oder Energiequelle eingeteilt werden.

Darlber hinaus fiihrte eine experimentell induzierte Verschiebung des pH-Wertes zu
erheblichen Anderungen der aktiven methylotrophen Gemeinschaft, was darauf hindeutet,
dass der pH-Wert des Bodens ein entscheidender nischenbestimmender Faktor fir die
detektierten Methanolnutzer ist. Unter pH-neutralen, aber dennoch methylotrophen
Bedingungen wurden Bacteroidetes (Flavobacteriaceae), Actinobacteria (Microbacteriaceae)
und Betaproteobacteria (Methylophiliaceae) sowie die Hefe Trichosporon als Methanolnutzer
identifiziert.

Aus den dargestellten Ergebnisse lasst sich schlussfolgern, (i) dass acidotolerante
methylotrophe Rhizobiales, vor allem Beijerinckiaceae, die Hauptsenke von Methanol in dem
untersuchten sauren Waldboden waren; (i) dass Methylotrophen des untersuchten
Waldbodens nur ein limitiertes Substratspektrum besitzen, das Methan, Methanol und
Chlormethan umfasst; (iii) dass der pH-Wert des Bodens ein entscheidender Faktor ist, der
die 6kologische Nische dieser Mikroorganismen bestimmt; und (iv) dass saprotrophe Pilze
und andere Bakterien in dem untersuchten Waldboden trophisch eng mit Methylotrophen
verbunden sind.
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INTRODUCTION

1. INTRODUCTION

Methylotrophs were discovered more than 100 years ago and possess a unique metabolism
that enables them to utilise C1 compounds as sole source of carbon and energy, rendering
methylotrophs important sinks for atmospheric relevant compounds such as methane,
methanol and chloromethane (see 1.1 - 1.7). These volatile organic compounds (VOC)
contribute to the greenhouse effect and the depletion of ozone having great implications on
the climate (see 1.1). Methylotrophs are further important microorganisms in the global
cycling of carbon, nitrogen, sulphur and halogens since they are physiologically and
phylogenetically diverse and occur ubiquitously in different, even contrasting environments
(see 1.2). Methylotrophs were also the first microorganisms targeted by molecular tools in
environmental studies, and with the emergence of comprehensive sequencing studies the
world of methylotrophs expanded since methylotrophic capabilities were recognized in
chemoorganotrophs hitherto not known as methylotrophs (see 1.2 & 1.3). However, the
knowledge on methylotrophs in terrestrial environments such as forest soils and their
interaction with the existing microbial community as well as their ecological niche-defining
parameters, such as alternatively utilised multi-carbon substrate or the pH, are not well
understood.

Thus, the focus of this doctoral thesis was (i) to uncover methylotrophic organisms, i.e.,
methane-, methanol- and chloromethane-utilisers in a forest soil, (i) to assess metabolic
behavi ohigh-affintyd met hanot B.h B.2& 4.1),i§ & evaluate ecological
niche-defining parameters such as the multi-carbon substrate range and the pH (see 3.3 -
3.7 & 4.2), and (iv) to unravel the metabolic capacity to co-utilise C1 compounds such as
methanol and chloromethane simultaneously (see 3.9 - 3.11 & 4.4).

1.1. The representative C1 compounds methane, methanol

and chloromethane and their climatic relevance

The atmospheric concentrations of methane, methanol and chloromethane are only marginal
with 1.8 ppm (methane), 0.1 - 10 ppb (methanol), and 600 ppt (chloromethane), but their

| ocal concentrations at the earthoés surieace

leaves and the phyllosphere) in aquatic environments are often not known and might reach
dramatically higher concentrations. Nevertheless, these compounds are the most abundant
organic and halogenated compounds in the atmosphere with high impacts on the
concentration of tropospheric radicals. Thus, methane, methanol and chloromethane can
cause a domino effect, based on photon-triggered or radical-triggered reactions resulting in
the formation of further highly reactive radicals (Figure 1 and 1.1.1 - 1.1.3).

S
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Figure 1 Reactions of methane, methanol and chloromethane and their contribution to
ozon depletion.

Methane, methanol and chloromedffacthe formation of highly reactive radicals, the formation of £O and CO
as well aghe ozonealepletiorin the atmospheby abiotiphotodriggered? (hv) or radicaiggered (X
reactionsColours indicate the origin of compounds (purpliskleoxgdemluish, water derived; yellowish to
reddish, methangnd methanderived; greenish]Jacbhmetharderived)The figure is based on Cicerone &
Oremland, 1988; Jacob, 1999; and é¢ednE999.

1.1.1. Methane i climatic relevance, sources and sinks

Methane is the simplest hydrocarbon compound, a biogenic volatile organic compound

(bVOC) and the most prominent Cl-substrate. It is the second most important greenhouse

gas after CO, with a high impact on radiative forcing (difference between absorbed and

emitted sunlight) [Myhre et al., 2013]. Methane contributes to the tropospheric water vapour
concentration that is important for the gl obal
loss [Hartmann et al., 2013]. Moreover, methane is chemically coupled to hydroxyl radicals

(OH-) in the atmosphere, and an increase in methane emissions leads to decreased
concentrations of tropospheric hydroxyl radicals (OH-), which in turn increases the lifetime of

methane [Myhre et al., 2013]. Although nowadays the atmospheric concentration of methane

seems to be low (i.e., 1.8 ppm) the tropospheric mixing ratio has increased by 150 % since

1750 (pre-industrial time), and is presumed for a further doubling by 2100 [Myhre et al.,

2013]. Sources and sinks of methane are mainly known, but reasons for the recent increase

of methane emission since 2007 are not uncovered y et . It mi ght be possi
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war mi n g § suehfas lenger periods of thawed permafrost regions (i.e., a longer activity
phase of these wetlands producing methane by methanogenesis) or extreme weather events
(such as heavy rain falls, floodings, pronounced El Nifio phenomena), contribute to this
increase as well as anthropogenic intrusions such as the re-rise of coal mining (China) and
fracking (USA) [Nisbet et al., 2014].

The formation of methane can be of biogenic, thermogenic or pyrogenic origin. Thermogenic
sources include natural emissions from geological sources (such as seepages, geothermal
vents and mud vulcanos) or anthropogenic emissions by the leakage of natural gas during
the extraction of fossil fuel (oil industry, coal mines, fracking) [Cias et al., 2013]. The
pyrogenic sources are also of natural and anthropogenic origin, and comprise the incomplete
burning of plant biomass (natural fires, fire clearance) and fossil fuels [Cias et al., 2013]. The
same is true for all biogenic sources (mainly wetlands, wild and livestock ruminants, rice
paddy fields, waste water treatments) [Cias et al., 2013], in which the sum of all biogenic
sources reveals that more than 60 % are of anthropogenic origin, which is in accordance to
the reported increase of atmospheric methane concentrations during the industrial time
(since 1750) (Figure 2) [Neef et al., 2010; Cias et al., 2013]. 6 Wt | a n dmige the man
natural source for methane emissions including several ecosystems such as (temporary) wet
soils, swamps, bogs, and peatlands, where the methane production is caused by the activity
of methanogenic microorganisms that convert organic matter under oxygen-limited up to
anoxic conditions into methane [Conrad, 1996]. Apart from wetlands also herbaceous and
woody plants can be a source of methane. Keppler and colleagues reported the emission of
methane by plant-derived material and they assumed pectin as main source, since this
heteropolysaccharide represents the major Cl-pool (based on methoxyl groups) in plants
[Keppler et al., 2006]. In addition, plants might also transport methane from methanogenic
regions within the rhizosphere or from the inside of tree stems (methane can be produced by
the anaerobic decomposition of wetwood) to the leaves and thus, emit methane acting as a
0 s 0 u Zakes@® Ward, 1974; Rusch & Rennenberg, 1998; Terazawa et al., 2007; Conrad,
2009]. Further, the fungal degradation of complex plant-derived material like wood can result
in methane directly or indirectly (i.e., the stimulation of methanogens by providing nutrients)
[Muhkin & Voronin, 2009; Lenhart et al., 2012].

The main sink (it contributes more than 80 %) for the atmospheric methane is the
atmosphere itself (troposphere and stratosphere), and therein the photochemical oxidation of
methane enabled by hydroxyl radicals (OH-) as already mentioned (Figure 1, Figure 2) [Ciais
et al., 2013]. Further, but minor sinks are reactions with excited oxygen atoms (O*) or
chloride radicals (Cl-) in the stratosphere and the reaction with chlorine in the marine
boundary layer resulting in chloromethane [Dlugokencky et al., 2011; Allan et al., 2007; Neef
et al., 2010]. Nevertheless, biotic sinks also exist including oceans and terrestrial soils. Their
role should not be underestimated, since only a minor fraction of formed or released
methane enters the atmosphere. Methanotrophs in the oceans are crucial, since they
consume most of the marine-derived methane before it is emitted into the atmosphere

3
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[Dlugokencky et al., 2011]. The same is true for soils, although they contribute only up to 5 %
of the global atmospheric methane sinks [Conrad, 2009]. However, between 50 % and 95 %
of the belowground produced methane is consumed by methanotrophs before it reaches the
atmosphere emphasizing the importance of methanotrophic bacteria in soils [Kuivila et al.,
1988; Reeburgh, 2003; Kvenvolden & Rogers, 2005; Le Mer & Roger, 2011; Chistoserdova
& Lidstrom, 2013; Nazaries et al., 2013].

1.1.2. Methanol i climatic relevance, sources and sinks

Another bVOC is methanol that is after methane the second most abundant organic gas in
the atmosphere, but its chemical reactivity is greater [Jacob et al., 2005; Seco et al., 2011;
Wohlfahrt et al., 2015]. In the troposphere a methanol loop occurs. Methanol can be formed
through the reaction of methylperoxy radicals (CH3O,-) with itself or higher peroxy radicals
(RO,-), and the oxidation of methanol or other VOCs leads in turn to the formation of peroxy
radicals (RO,-) [Jacob et al., 2005]. In the atmosphere methanol reacts with hydroxyl radicals
(OH-) leading to the formation of formaldehyde, hydrogen radicals (H-) and ozone (Oj)
[Heikes et al., 2002] (Figure 1).

The average atmospheric concentration of methanol is estimated to range from 0.1 ppb up to
10 ppb [Jacob et al., 2005; Seco et al., 2011; Wohlfahrt et al., 2015]. However, on a regional
scale the methanol concentrations can differ by a multiple, rendering the assessment of the
global methanol budget more difficult [Wohlfahrt et al., 2015]. For example, the lowest mixing
ratios were measured in the troposphere ranging from 0.2 - 1 ppb (average 0.6 ppb),
followed by 0.9 ppb over the open ocean, 2 ppb for continental background (i.e., no impact of
humans), 6 ppb for grasslands and 10 ppb for forests, and highest concentrations with more
than 20 ppb for urban areas [Heikes et al., 2002]. Moreover, the atmospheric methanol
concentrations vary depending on the latitude, hemisphere, seasonality, temperature, or
even humidity which is in accordance with the reported sources and sinks [Millet et al., 2008].

The main sources of atmospheric methanol are of natural origin (biogenic), comprising
marine systems (ocean) and terrestrial systems (plants) (Figure 2). Minor sources are
anthropogenic activities such as solvent use, vehicle exhaust, industrial processes, and
biomass burning, where wood pyrolysis (meaning the decomposition of wood at elevated
temperatures in the absence of oxygen) of plant fibres (e.g. cellulose, hemicelluloses, lignin)
is the reason of methanol formation and emission [Howard et al., 1990; Medeiros et al.,
2008; Maleknia et al., 2009; Goeppert et al., 2014; Woolf et al., 2014]. In terrestrial
environments methanol is mainly released by plant material as already mentioned. It is
assumed that 40 - 80 % (large range due to the different models of methanol budget) of the
annually arising methanol is originated from plant growth [Singh et al, 2000; Galbally &
Kristine, 2002; Heikes et al., 2002; Tie et al., 2003; Jacob et al., 2005; Millet et al., 2008], but
also dead and decaying plant material provides remarkable amounts of methanol [Warneke




INTRODUCTION

et al, 1999; Schade & Cluster, 2004; Karl et al, 2005a]. In growing plant biomass methanol is
formed during demethylation processes of compounds rich in methoxy groups such as pectin
and lignin [Schink & Zeikus, 1980; Fall & Benson, 1996; Warneke et al, 1999; Millet et al.,
2008]. It was assumed that especially during plant or leaf growth methanol productions are
high (up to 75 % of the emitted methanol is assumed as leaf-derived) [Fall & Benson, 1996;
Nemecek-Marshall et al., 1995; Hilve et al., 2007], but also during the abscission of plant
leaves methanol is released [Willats et al., 2001]. In addition, methanol emissions depend on
diurnal variations. For example, amounts of leaf-emitted methanol vary between night and
day (especially in the morning) up to 18fold, which is correlated with stomata conductance,
and a higher transpiration of plants also increases the amount of emitted methanol
[Nemecek-Marshall et al., 1995; Hive et al., 2007; Dorokhov et al., 2015]. In addition,
methanol flux studies revealed seasonality for methanol concentrations according to plant
growth behaviour with highest measured amounts in spring and fall [Tie et al., 2003]. Further,
damaged plants release substantial amounts of methanol caused by cutting, mowing, or
animal feeding (herbivore insects up to herbivore animals) [Karl et al., 2001; Pefiuelas et al.,
2005; Von Dahl et al., 2006; Brilli et al., 2011]. These emissions can be high for several days
as it was reported for a lucerne-covered meadow [Warneke et al., 2002]. Also plant stress
causes enhanced methanol emissions [Seco et al., 2007]. In dead or decaying plant material
methanol can be released from residual in-leaf methanol, or it can be formed biotically by the
activity of microorganisms degrading the plant fibers, or abiotically by physico-chemical
degradation processes [Warneke et al., 1999; Galbally & Kirstine, 2002; Schade & Custer,
2004; Millet et al., 2008]. Thus, the role of plants in terms of methanol emission is crucial,
and plants are the main providers of this C1 compound for methanol-utilising organisms.

The two major sinks for methanol are atmospheric reactions with hydroxyl radicals (OH-) in
the troposphere and clouds, as well as oceanic uptake, in which the role of the ocean is a net
sink including gross methanol emission and uptake in the ocean mixed layer (OML) (Figure
2) [Millet et al., 2008]. Phytoplankton (i.e., unicellular algae, diatoms, dinoflagellates and
bacteria) is a major source of methanol emission in the ocean, which is depending on several
other factors (such as temperature, oxygen, nutrients, and light) [Heikes et al., 2002]. The
major oceanic sink is likely caused by photochemical destruction and the high water solubility
of methanol, as well as by the activity of marine methylotrophic microorganisms [Heikes et
al., 2002; Millet et al., 2008]. Methanol-utilising microorganisms are also the main sink of
methanoli n terrestri al environments and ¢iguwe?2)
[King, 1992; Oremland & Culbertson, 1992; Jacob et al., 2005; Dunfield, 2007; Trotsenko &
Murrell, 2008; Conrad, 2009; Kolb, 2009a; Vorholt, 2012; Knief, 2015]. Methylotrophic
organisms in the phyllosphere are well known and well studied [Omer et al., 2004; Anda et
al., 2011; Wellner et al., 2011; Madhaiyan et al., 2012; Meena et al., 2012]. They can even
comprise up to 16 % of the total leaf microbiome [Vorholt, 2012]. However, the important role
of methanol-utilising microorganisms in the soil has hardly been investigated in the last
decades, and the main knowledge is based on pure cultures and artificial laboratory
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experiments [Radajewski et al., 2000; Radajewski et al., 2002; Morris et al., 2002; Kolb,
2009a; Stacheter et al.,, 2013]. Thus, it is easily conceivable that for methanol-utilising
organisms the same scenario like for methanotrophic organisms in terrestrial environments is
likely T they might consume the highest proportion of produced methanol before it can reach
the atmosphere acting as an important regulating agent in terms of methanol emissions.

[] natrual origin [l] anthropogenic origin I atmospherical sink [ | Earth surface sink

Methane

ruminants (livestock): 17% h Fasaas terrestrial environments
photochemica (methanotrophs): 5%
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oceans: 3%
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Figure 2 Global sources and sinks for atmospheric methane, methanol and
chloromethane.

The contribution of sources (left side) and sinks (right side) of atmospheric methane, methanol and chloromethan
are already known, but the local amounts of formed gases or the local contribution of microbial degradation are nc
assessed and might be tsuitiglly higher. Sources are divided into their natural (light grey) and anthropogenic
(dark grey) origin and sinks are divided based on their localisation in the atmosphere (dark grey) and on the Eart
surface (light grég)whicld Ea r t h  siocludealepesition,i ooeknsuptake, and microbial deGoadation.

detailed information please refer to theltéxt inl1.2 and1.1.3 All charts are based on values mentioned in

Nezariest al, 2013 for methane, Mitled, 2008 for methanol, and Kegtpdr2005 for chloromethane.
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1.1.3. Chloromethane i climatic relevance, sources and sinks

The monohalomethane chloromethane (CH3Cl; synonym: methyl chloride) is one of the
structurally simplest representative of halomethanes. Halomethanes are derivatives of
met hane where at | east one hydr og eie., chldrioenC
bromine Br, iodine |, and fluorine F) resulting in molecular formulas like CHzX to CX, Within
these halogenated compounds CHsCl and chlorofluoromethane (CH,CIF) are most important
regarding to their usage and environmental impact [Wackett et al., 1992]. CH;Cl and other
monohalomethanes are mainly of natural origin and contribute substantially to the ozone
layer depletion. Although the atmospheric concentration of CH3ClI is only about 600 ppt, it is
the most abundant halocarbon in the atmosphere, can cause 15 % - 20 % of the chlorine-
derived ozone destruction in the stratosphere, and seems to be the most abundant source of
atmospheric chlorine [Harper, 2000; Coulter et al.,, 1999; Khalil & Rasmussen, 1999;
Montzka et al., 2011]. Tropospheric CH;ClI that reaches the stratosphere is one source of
free chloride radicals (Cl-), which are a result of the photolytically destruction of CH3Cl
[Keene et al.,, 1999]. These Cl- react with ozone forming chlorine monoxide (CIO), which
reacts again with ozone or free oxygen (O*) atoms releasing molecular oxygen and Cl- again
(Figure 1). In this way a chlorine based cycle of ozone destruction is initiated and one CH;ClI
molecule (i.e., one Cl-) can destroy 100 000 ozone molecules until chlorine radicals will be
bound (for example in compounds such as HCI or CIONO,)
[www.theozonehole.com/ozonedestruction.htm].

Analogous to methanol, CH;Cl is mainly formed and emitted in terrestrial environments by
plants (Figure 2). In agueous environments nucleophilic substitution processes (i.e., halide
exchange or hydrolysis) contribute to the formation of CHsCl [Lovelock, 1975; Elliott &
Rowland, 1995; Schéfer et al., 2007]. In marine environments CHsCI can also be produced
by phytoplankton and algae [Moore et al., 1995; Tait & Moore, 1995; Scarrat & Moore, 1996;
Scarratt et al., 1998; Manley & Dastoor, 1987; Wuosmaa & Hager, 1990]. Further biological
sources of CH;Cl are halophytes growing in salt marshes [Rhew et al., 2000], fungi involved
in plant material degradation [Cowan et al., 1973; Turner et al., 1975; Waitling et al., 1998;
Harper, 2000], and plants producing CHCI as side reaction during defence response caused
by tissue cutting [Rhew et al., 2003; Nagatoshi & Nakamura, 2007]. In terrestrial
environments the abiotic methylation of chloride is a large source of CH;Cl [Keppler et al.,
2005]. Such processes can occur in plants, when methoxy groups of pectin-components
react with chloride ions [Hamiltion et al., 2003], or during the oxidation of soil organic matter
(such as humus) in the presence of ferric iron and halides [Keppler et al., 2000]. However,
the extent of decaying plant material, such as litter and rotten wood, as a CHsCI source is not
resolved yet, but might be substantial when considering that (i) pectin is one of the major
plant cell wall components (i.e., pectin contributes around 35 % of the primary cell wall of
dicotyledonous plants, 1 - 10 % of the cell wall in grasses and 5 % in wood tissue [Voragen
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et al., 2009]) and (ii) that a large amount of the global carbon (i.e., 1500 + 2200 Gt) is stored
as methoxy group-possessing components in the organic layer of soils [Post et al., 1982].

In addition to the uncertainities of the CH3Cl sources, also the sinks and their general
contribution are not fully resolved (Figure 2). Analogous to methanol and methane
photochemical reactions with radicals in the atmosphere are the major sink for atmospheric
CHsCI [Harper, 2000; Schéfer et al., 2007; Keppler et al., 2005]. Minor, but important sinks
are of biotic origin. Several methyl halide-degrading bacterial isolates were obtained from
marine environments [Goodwin et al., 1998; Schafer et al., 2002; Schafer et al., 2005]. The
significance of marine CH;Cl-consumers might be emphasised by the isolation of the
methylotrophic CH3Cl-utilisi ng i sol ate OHTCC218106 that [
very abundant coastal bacterioplanktonic clade OM43 [Giovannoni et al., 2008; Halsey et al.,
2012]. Thus, CHzCl-utilising bacteria seem to be widespread and abundant in marine
environments and contribute to the oceanic sink. Several studies on the biotic CH;CI
degradation facilitated by microbes in soils from pristine and polluted sides accentuate the
relevance of soils as large sink for CHsCl [Doronina et al., 1996; Harper, 2000; McAnulla et
al., 2001a; Miller et al., 2004]. Thus, the microbial degradation might be an underestimated
sink with great importance in terms of the global CHs;Cl budget. Regarding the plant-
associated sources, it is also easily conceivable that i like previously assumed for methane
and methanol i the CH;Cl-utilising microorganisms consume the majority of the locally
produced CHsCI before it can reach the atmosphere acting as a regulative force.

1.2. The microbial sink T methylotrophic microorganisms

Methylotrophic microorganisms comprise the specific metabolic capability to utilise reduced
carbon substrates without carbon-carbon bonds as their sole source of carbon and energy

and therefore creating every carbon-c ar b o n débnowd [6A nt h o @Ghistosertld®aB&2 ;

Lidstrom 2013; Chistoserdova, 2015]. Thus, these microorganisms can grow on substrates
such as methane, methanol, halogenated methanes, methylated amines, and methylated
sulphur species. Some methylotrophs also possess the ability to fix nitrogen and/or denitrify
[Chistoserdova & Lidstrom, 2013]. In addition, methylotrophs are widespread in nature
detectable in agquatic and terrestrial environments including even extreme environments such
as acidic volcanic muds (pH 1) or alkaline lake sediments (pH 10) [King, 1992; Dunfield et
al., 2007; Pol et al. 2007; Islam et al. 2008; Trotsenko & Murrell, 2008; Antony et al., 2010;
Chistoserdova & Lidstrom, 2013]. Based on the ubiquity and the high activity in the
transformation of a variety of C1 compounds methylotrophs are important in the global
cycling of materials such as carbon, sulphur, nitrogen, and halogens [Kolb, 2009a;
Chistoserdova, 2015]. Further 7 as already mentioned (see 1.1) i methylotrophs are
important as a biological sink for greenhouse gases and VOCs emphasizing their crucial role
in terms of the climate [Chistoserdova & Lidstrom, 2013].

phyl



INTRODUCTION

Methylotrophs are diverse. They can be aerobic or anaerobic, autotrophic (i.e., they
dissimilate the C1 compound to CO, and assimilate this formed CO, again) or heterotrophic,
obligately or facultatively methylotrophic [Anthony, 1982; Hanson & Hanson, 1996; Lidstrom,
2006; Trotsenko & Murrell, 2008; Chistoserdova & Lidstrom, 2013]. Aerobic methylotrophy is
also not restricted to a distinct clade of microorganisms and can be found within the Alpha-,
Beta-, Gammaproteobacteria, Actinobacteria, Firmicutes, Verrucomicrobia, and within fungi
(ascomycoteous yeasts and mould fungi) [Anthony, 1982; Kolb, 2009a; Chistoserdova &
Lidstrom 2013; Kolb & Stacheter, 2013]. Anaerobic methylotrophy is found within Archaea
(anaerobic methanotrophic archeae 6 ANWNeé&s6idiaa nd
(methylotrophic acetogens) [Zinder, 1993; Cheng et al., 2007; Knittel & Boetius, 2009;
Penger et al., 2012; Drake et al., 2013; Oren, 2013].

Methylotrophs have been known since the first isolation of methylotrophic bacteria more than
100 years ago [Loew, 1892; Kaserer, 1905; Séhngen, 1906], but it is only since the 1970s
that the knowledge on these bacteria increased by the isolation of further methylotrophs
(mainly methanotrophs) [Whittenbury et al., 1970a]. However, only with the effort of studies
mimicking in situ conditions as well as molecular based environmental studies the view on
methylotrophs was dramatically expanded raising the question on the abundance and
ubiquity of methylotrophy [Chistoserdova et al., 2009; Kolb & Stacheter, 2013]. Additionally,
the increased knowledge on methylotrophs and the recognition of methylotrophic capacities
by culture-independent surveys query the laboratory model methylotrophs and how well they
might reflect methylotrophy in terms of in situ relevant conditions.

1.3. Metabolic features of methylotrophy

Based on the previous knowledge on methylotrophs the Cl-based metabolism can be

me t

partitioned into three major metabolic modules: (i) an O6initi asubstratet i vat i

(oxidation, demethylation or dehalogenation) resulting in intermediate compounds, (i)
oxidation of these intermediate C1 compounds to CO, (includes formaldehyde oxidation /
detoxification or methylene-tetrahydrofolate (CH,=H4F) oxidation, and the oxidation of
formate to COy,), and (iii) the assimilation of the C1-units to gain biomass [Chistoserdova et
al., 2003; 2009; Chistoserdova, 2011]. All these three modules are enabled by different
pathways and enzymes that are characteristic for some groups of methylotrophs (Figure 3).
For example, the assimilation of carbon in alphaproteobacterial methylotrophs is enabled by
the serine cycle, whereas in methanotrophic Verrucomicrobia the assimilation is enabled by
the ribulose bisphosphate cycle (RuBP) [Trotsenko & Murrell, 2008; Op den Camp et al.,
2009; Chistoserdova, 2011 ] . These findings l ed to the
mo d u | ain whicly énethylotrophy is enabled by the combination of all three modules
leadi ng to Ocl assical combinationsd detectabl e
Methylococcus capsulatus, Methyosinus trichosporium, and Methylobacterium extorquens,
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as well as more

Methylacidiphilum infernorum for example (Figure 3) [Chistoserdova, 2011].

— Initial ‘activation’ step
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(Methylococcus capsulatus)

CH, — CH,OH
pPMMO

sMMO l MxaF|
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Figure 3 Simplified overview on methylotrophic modules and some examples of their

combination in methylotrophic organisms.
The combination gibssible pathway modules regnimece t hy | ot r ophi ¢ or gani sms
metabolism pat hway fads to different mdiabeariations bfdthylbtrophs i tprimsod )
methane methaneand chloromethamdisatianMarker enzymes: pMMO and sMMO, methane monooxygenase
(seel.6.); MxaFl and XoxF, P@&hanol dehydrogenase 1€£8; CmuA and CmuB, methgfeases (see

(to

1.6.5 . Modul e colour code: red arrows, initial Od6acti ve
modules (se&.9; black arrows, formaldehyde oxidation (detoxification) modules. The figure is based on
Chistoserdoya011.
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1.4. Dissimilatory pathways in methylotrophs i from methane,
methanol and chloromethane to CO,

Aerobic bacterial methylotrophs possess specific pathways for the dissimilation of C1
compounds. This section concentrates briefly on the dissimilatory pathways from methane,
methanol, and chloromethane to CO,, but does not go into further details of the dissimilation
of other C1 compounds such as methylated amines or methylated sulphur species, since
these substrates were not in the focus of the present study. In addition, this section
summarises the different pathways reviewed in Chistoserdova & Lidstrom, 2013.

In general, the initial C1 compound is oxidised, demethylated or dehalogenated to obtain
formaldehyde or methylene-tetrahydrofolate (methylene-H4F; CH,=H,;F) by specific oxidases
(e.g. MMO, see 1.6.1), dehydrogenases (e.g. PQQ-MDH, see 1.6.3), methyltransferases
(e.g. CmuAB, see 1.6.5), or dehalogenases. Dehydrogenases are coupled to the energy
metabolism at the cytochrome-level, whereas oxidases, methyltransferases, and
dehalogenases are not providing energy. Formaldehyde is further oxidised to formate via a
linear pathway (facilitated by formaldehyde dehydrogenases) or via pterin-dependent
pathways enabled by several enzymes and the pterin-cofactors tetrahydrofolate (HsF) or
tetrahydromethanopterin (H;MPT) [Trotsenko & Murrell, 2008]. The last step of the complete
dissimilation is the oxidation of formate to CO, facilitated by formate dehydrogenases
resulting in reducing equivalents or free electrons (Figure 4).

Methane Methanol Formate
monooxygenase dehydrogenase dehydrogenase
(pMMO) (PQQ-MDH)
O,te  H,0 Cytco Cytcey NAD* NfliH NAD* NfliH
d
CH,=H,MPT

CH——» CH,OH ——» CH,O0 ——¥» CHOOH —» CO,

O, +Q Ho0 + CHy=H4F
NADH+H* NAD*

(sMMO)
CH,CI CH,=H,F

Figure 4 Dissimilatory oxidation of methane, methanol and chloromethane to CO,.

The utilisatioof methane, methanol and chloromethang isof&filitated by thetialoxidation steps and

necessary enzymes. The conversion of formaldehyde to formate can be facilitated by three different pathways (se
text for short details) wherefore enzymes are not mentioned. The figure is based on Anthony, 1982; Trotsenko ¢
Murrell, 28B;Chistoserdovalidstrom, 2013; Stueteal, 2002.
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1.5. Assimilatory pathways of C1 compounds in Bacteria

In methylotrophic bacteria the assimilation of C1 compound-derived carbon can occur at
three different levels (formaldehyde, formate, and CO,), which is in accordance with the three
known assimilation pathways: (i) ribulose monophosphate (RuMP) cycle (see 1.5.1), (ii)
ribulose bisphosphate (RuBP) cycle, or Calvin Besson Bassham (CBB) cycle (see 1.5.2),
and (iii) the serine cycle (see 1.5.3) [Anthony, 1982; Chistoserdova, 2011; Chistoserdova &
Lidstrom, 2013].

1.5.1. Ribulose monophosphate (RuMP) cycle

Carbon assimilation at the level of formaldehyde is facilitated by the RuMP cycle providing
carbohydrates as intermediates [Anthony, 1982]. The general principle is that a Cl-unit
(formaldehyde) is added onto a Cb5-acceptor sugar molecule (RuMP, ribulose
monophosphate or ribulose-5-phosphate) to create a C6-sugar molecule (hexulose-6-
phosphate), which is metabolically widespread in the cellular metabolism. This C6-sugar
phosphate is further converted into C3-molecules, which are used for cell biomass synthesis,
generation of reducing equivalents, and the regeneration of C5-acceptor sugar molecules
[Anthony, 1982]. In total four different variants of the RUMP exist, differing in sugar cleavage
scenarios and acceptor regeneration pathways [Anthony, 1982]a (Figure 5).

The RuMP cycle is not restricted to methylotrophs only and can be used by other bacteria in
terms of formaldehyde detoxification [Yasueda et al., 1999; Chistoserdova & Lidstrom, 2013].
Methylotrophs possessing the RuMP cycle are often type | methanotrophs
(Methylococcaceae) and some beta- or gammaproteobacterial and gram-positive
methylotrophs [Chistoserdova, 2011].

1.5.2. Ribulose bisphosphate (RuBP) cycle

The RuBP cycle is well known for autotrophic microorganisms assimilating carbon at the

level of CO,. Thus, this assimilatory pathway is no unique feature of methylotrophs and some
methylotrophs possess other carbon assimilation pathways besides the RuBP cycle,

guestioning the contribution of the RuBP in terms of carbon assimilation [Chistoserdova et

al., 2005; Chistoserdova, 2011]. Acquisition of key genes of the RuBP cycle by lateral gene

transfer events is further assumed [Chistoserdova et al., 2005]. The RuBP cycle can be

found in all autotrophic methylotrophs: (i) methanotrophic  Verrucomicrobia
(Methylacidiphilaceae) (ii) methanotrophs of Methylemirabiiisaer obi c
o x y f),e ana 6(iii) autotrophic alphaproteobacterial methylotrophs (e.g. Paracoccus

denitrificans) [Chistoserdova, 2011; Chistoserdova & Lidstrom, 2013].
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The RuBP can be divided into three major parts and is somehow comparable with the RuUMP
cycle. In the first part 7 (fixation) i the C1-unit (CO,) is added to a C5-acceptor sugar (RuBP,
ribulose-1.5-bisphosphate) yielding two C3-molecules (3-phosphoglycerate, PGA). The C3-
molecule PGA is further reduced in the second part of the cycle (reduction) to another C3-
molecule (glyceraldehyde-3-phosphate, GAP) that is used for cell biomass synthesis and the
third (rearrangement) part of the cycle. Two variations of the rearrangement part (i.e.,
regeneration of C1 acceptor molecule RuBP) are possible, but all result in the formation of a
new C5-acceptor sugar. [Anthony, 1982]

1.5.3. Serine cycle und glyoxylate regeneration

The serine cycle is one of the specific assimilatory pathways of methylotrophy and is mainly
attributed to type Il methanotrophs and non-methane-utilising methylotrophs not possessing
the RUBP cycle [Chistoserdova, 2011]. Contrary to the RuBP cycle and the RuMP cycle, the
serine cycle provides carboxylic acids and amino acids as intermediates [Anthony, 1982]. In
the serine cycle carbon is assimilated at the level of CH,=H4F [Anthony, 1982; Hanson &
Hanson, 1996; Chistoserdova, 2011; Chistoserdova & Lidstrom, 2013] generated from
formaldehyde by a non-enzymatic reaction or from formate by an enzymatic reaction
(methylene-H,F-dehydrogenase) [Trotsenko & Murrell, 2008; Chistoserdova, 2011,
Chistoserdova & Lidstrom, 2013]. CH,=H,4F is further added to glycine (C2), which represents
the acceptor molecule for the C1-unit, resulting in the formation of serine (C3). Based on
serine, several C3 and C4 molecules are generated such as hydroxypyruvate (C3), pyruvate
(C3), oxalacetate (C4), malate (C4) and acetyl-CoA (C2), which are all usable for cell
biomass synthesis [Anthony, 1982; Hanson & Hanson, 1996; Trotsenko & Murrell, 2008;
Peyraud et al., 2009]. Interestingly the serine cycle comprises some reactions of other
metabolic pathways like the tricarboxylic acid cycle (TCA) [Trotsenko & Murrell, 2008;
Chistoserdova, 2011; Chistoserdova & Lidstrom, 2013] representing a metabolic connection
of C1 compound and alternative substrate utilisation (Figure 5).

Methylotrophs harbouring the serine cycle must also possess regeneration reactions for
glyoxylate (C2), which is necessary for the formation of the Cl-acceptor molecule glycine
(C2) [Hanson & Hanson, 1996; Trotsenko & Murrell, 2008; Peyraud et al., 2009]. Therefore
different pathways are known such as the glyoxylate shunt and the ethylmalonyl-CoA
pathway (EMCP), in which the majority of serine cycle methylotrophs employ the EMCP
[Anthony, 1982; Chistoserdova & Lidstrom, 2013]. The EMCP shares also reactions with
several other metabolic pathways (e.g. serine cycle, TCA, and polyhydroxybutyrate (PHB)
cycle) (Figure 5) [Chistoserdova, 2011]. However, EMCP is not restricted to methylotrophs,
and serves in non-methylotrophic organisms as C2-assimilation pathway [Alber, 2010;
Okubo et al., 2010; Schneider et al., 2011] emphasizing a metabolic connection of alternative
substrate utilisation by methylotrophs. However, some serine cycle-possessing
methylotrophs such as Methylibium petrophilum and Methylocella silvestris use the
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glyoxylate shunt and lack EMCP genes [Kane et al., 2007; Chen et al.,, 2010a]; some
methylotrophs such as Hyphomicrobium denitrificans encodes for both pathways
[Chistoserdova, 2011]; and in the genome of Methylococcus capsulatus neither EMCP nor
glyoxylate shunt genes were detected [Chistoserdova et al., 2005].

RuMP Cycle Serine Cycle
€1 formaldehyde (3) C1 formaldehyde (2}
—— ‘ //,r—“‘
G2 glysine (2) 3 serine @)
hexulose-6-phosphate (3) Cé
C2 glyoxylate (2) hydroxypyruvate (2) C3
/ fructose-6-phosphate (3) C6 /‘
' /
\
C5 ribulose monophosphate (3) ‘ f glycerate (2) C3
4 | | |
| ¥ \ v
‘\ glyceraldehyde-3-phosphate (6) C3 o3 (4 C4 malyl-CoA(1) phosphoglycerate (2) C3
L3 \
rearrangement \ \ /
reactions cell biomass cell biomass
N glyceraldehyde-3-phosphate (5) €3 synthese C4 malate (1)  phosphoenolpyruvate (1) C3 synthese
N
~ e

N~N— T C4 oxalacetate (1) et CO; (1)

Figure 5 Assimilation cycles in methylotrophic Bacteria.

A compaonofthe two common carbon assimilation pathways in bacterial mettindd®optis and serine

cyclei regardingprmed molecules (carbon atoms per niolgeyeboxes and amount of formed molecules in

brackets) and specific characteristics such as the different multistep pathway variations of sugar cleavage and
acceptor regeneration scenarios in the RuBP cycle (dashed lines) as well as the interconnection between the serin
cycle and the TCA (overlagpieg) and the glyoxylate regeneration pathways (EMCP and glyoxylate shunt;
dashed linedjor further information see the text and the edisteti¢kerein. The figure is based on Anthony,

1982; Hanson & Hanson, 1996; Trotddnkcel, 2008; Peyratidl, 2009.

1.6. Methylotrophic varieties in Bacteria

Methylotrophs are metabolically diverse; however, the main focus was in the past mainly on
methanotrophic organisms (see 1.6.1, 1.6.2). Since the majority of methylotrophs are not
capable of oxidizing methane, and methanol serves as common intermediate in
methylotrophic organisms, the diversity of methanol-utilising methylotrophs is much higher
(see 1.6.3, 1.6.4). Further, methylotrophic organisms are also able to utilise other C1
compounds such as CH;Cl, expanding again the variety of methylotrophs (see 1.6.5).

1.6.1. Aerobic methanotrophs, methane-utilisation, and methane
monooxygenases (MMO)

Methanotrophs are those methylotrophs, which can use solely methane as carbon and
energy source [Anthony, 1982; Hanson & Hanson, 1996]. Methane utilisation is enabled by
the oxidation of methane under oxic conditions (electron acceptor is oxygen) and anoxic
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conditions (electron acceptors sulphate, nitrate, nitrite, iron) [Anthony, 1982; Ettwig et al.,
2008; 2010; 2016]. The anaerobic oxidation of methane (AOM) is a metabolic feature of
anaerobic methanotrophic euryarcheota (ANME) and is limited to anoxic habitats [Knittel &
Boetius, 2009], wherefore this group of methanotrophic microorganisms is no further subject
of the present work of this thesis. The aerobic counterpart of the ANME are aerobic
methanotrophs that are found within the Alphaproteobacteria (Methylocystaceae,
Beijerinckiaceae), Gammaproteobacteria (Methylococcaceae), and Verrucomicrobia
(Methylacidiphilaceae), and are often detectable at anoxic/oxic interfaces in various
environments [Hanson & Hanson, 1996; Trotsenko & Murrell, 2008; Nazaries et al., 2013;
Knief, 2015]. Traditionally, methanotrophs were primarily divided into type |
(Gammaproteobacteria) and type |l (Alphaproteobacteria) methanotrophs based on
morphological, physiological and genetic characteristics [Hanson & Hanson, 1996]. With the
description of type X methanotrophs (i.e., Methylococcus, Methylocaldum) [Trotsenko &
Murrell, 2008], the blurring of typical characteristics, and the discovery of methanotrophic
Verrucomicrobia this classification is nowadays not applicable anymore [Nazaries et al.,
2013; Knief, 2015].

However, all aerobic methanotrophs depend on a methane monooxygenase (MMO) enabling
the initial step of methane oxidation [Anthony, 1982; Hanson & Hanson, 1996; Trotsenko &
Murrell, 2008]. In general, methane is further oxidised to methanol, formaldehyde, formate
and CO,, and carbon will be assimilated at the level of formaldehyde or formate depending
on the assimilation pathway of the methanotrophic organism (see 1.4 & Figure 4, 1.5 &
Figure 5) [Anthony, 1982; Hanson & Hanson, 1996; Trotsenko & Murrell, 2008].

Two different types of the marker enzyme MMO exist | the membrane-bound particulate type
(PMMO, marker gene is pmoA) and the cytoplasmatic soluble type (sMMO, marker gene is
mmoX) [Hanson & Hanson, 1996; Trotsenko & Murrell, 2008; Semrau et al., 2010]. The
pMMO is more widespread among methanotrophs and the associated pmoA gene (encoding
t h esubnit) exists in almost all known members of methanotrophs [Zahn & DiSpirito, 1996;
McDonald et al., 1997; Murrell et al., 2000; Knief et al., 2015]. The pmoA is also a well
established marker gene, reflecting also congruent 16S rRNA phylogenies [Knief, 2015]. The
same is also true for mmoX encoding the hydroxylase subunit of the sMMO [Murrell et al.,
2000; Horz et al., 2001; Leahy et al., 2003; Knief, 2015]. However, the distribution of the
sMMO and thus, mmoX as marker gene is restricted to alphaproteobacterial methanotrophs
(Methylocystis, Methylosinus, Methylovulvum, Methylorosula) and gammaproteobacterial
methanotrophs (Methylococcus, Methylomicrobium, Methylomonas, Methylovulvum)
[Nazaries et al., 2013]. Although most sMMO-possessing methanotrophs also possess a
pMMO, some methanotrophs such as Methylocella species and Methyloferula stellata only
possess the sMMO [Dunfield et al., 2003; Theisen & Murrell, 2005; Vorobev et al., 2011].
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Apart from the phylogenetic distribution both MMO enzymes have several differences that

are briefly listed in Table 1.

Table 1 Comparison of both methane monooxygenases (MMO).
pMMO (particulate MMO) sMMO (soluble MMO)

Cytoplasmatic hexameric enzyme comprisin
Membrane bound coppetaining trimeric enzy components (i) hydroxylase component (
with three subunits each, where PmoA and Pi MmoY, MmoZ) withdi on i n t he -8
primarily transmembrane helices and PmoB | subunit (MmoX), (ii) reductase component (M
transmembrane and periplasmatic domains. FAD and [E®] cluster, and (iii) regulatory comp
(MmoB) [Le=t al, 2013]

Overalproteirstructuref the pMMQtrimer(PmoA | Overalproteinstructuref the sMMOdimer(MmoX
PmoB PmoG yellowarrow:dicopperatomsin one| MmoY MmoZyellowarrondiironatomsntheactive
activeeenterdottedineindicatesellmembrane). center)

Coding gengsmoCAB Coding genestmoXYBZDC

Marker gene applied in environmental pmadiés: | Marker gene applied in environmental gtuties:
Substrate affin{tw= 17 2 uM) substrate affinity@K3 pM)

narrow substrate range broad substrate spectrum

Reaction: Reaction:

CH + Q+CytdA CHOH + kD +Cybx CH+ Q+ NAD(P)H +H CHOH + D+ NAD(P)

Cyted/ Cvéx cytochroetbesese0r Gs3

All information are taken from Hanson & Hanson, 1996; Trotsenko & Murrell, 2008; |
Rosenzweig, 2007; Liebermann & Rosenzweig, 2005; éflyabhr28@6. Images of the proteir
structures are taken fhetpn//www.methanotroph.org/wiki/bioghiemistr

If a methanotroph possess both MMOs, the MMO expression is depending on the
concentration of copper, which means for example that under copper starving conditions the

SMMO is expressed (known @tsal, @00@ Bemeau et al.wd010L h 6 )

The pMMO is evolutionary related to the ammonium monooxygenase (AMO) of ammonia-
oxidising bacteria (AOB), wherefore these bacteria can fortuitously oxidise methane, but
AOBs cannot assimilate methane-derived carbon [Holmes et al., 1995; Hanson & Hanson,
1996]. In addition, some type Il methanotrophs (such as Methylocystis and Methylosinus)
encode for a divergent type of pMMO (PmoCAB2), which has a higher substrate affinity and

[ M

mi ght be responsible for t h ehighvedfibithdanetleanotoophs d at i o n

[Baani & Liesack, 2008; Chistoserdova et al., 2009] (see 1.6.2).
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1.6.2. High-affinity methanotrophs

The first hints for methanotrophs that are able to utilise atmospheric methane concentrations

were obtained by Bender and Conrad, who observed two different enzyme Kkinetics

depending on the surrounding methane concentrations in different soil samples, which

indi cat e-df Bl nivtg-adf fainmi tO\hd enzymes [ Bender & Conr ac
various oxic soil s c¢ ohidghdaffinitydé d me h b a e Rdsleveeedhs e [ o f
1997; Kahkonen et al., 2002; Saari et al., 2004]. Studies concerning the adaption to low

methane concentrations (i.e., < 1000 ppm or even < 100 ppm) revealed that type Il
methanotrophs such as Methylocystis have a high potential to remain active [Knief &
Dunfield, 2005] .lowdfenitydr mbéehassotraphsgydg which are |
known cultured strains, are only able to grow with methane concentrations higher than 100

ppm [Nazaries et al., 2013]. Thehi ghl 'y speci ali sed methanotrophs
clusterd (USC) groups were shown to MHelmesetpabl e
al., 1999; Knief et al., 2003; Jaatinen et al., 2004; Kolb et al., 2005, Dunfield, 2007; Lau et al.,

2007; Kolb, 2009b; Degelmann et al., 2010; Pratscher et al.,, 2011]. These 6 h tagfhf i ni t y &
methanotrophs have not been cultivated yet, but several studies based on molecular and

biochemical methods were conducted to target them [Holmes et al., 1999; Henckel et al.,

2000; Knief et al., 2003] . I n aerated soils fr onmighdffinitber ent
met hanotrophs wer e cl assicfliuesdt eira which¢ e Bigtincd S0
phylogeneticc | ades exi st , U S C Uet al.n1999;K8ie et al], 2003} Kolb st

al., 2005; Dunfield, 2007; Lau et al., 2007; Degelmann et al. , 20107 . USCo is de

soils with a more neutral pH and is distantly related to type | methanotrophs of the
Methylococcaceae and therefore affiliated to Gammaproteobacteria, wher eas uscu
abundant in acidic soils and is distantly related to the type Il methanotrophs of the acidophilic
representatives belonging to the Beijerinckiaceae and Methylocystaceae, wherefore it is

affiliated to Alphaproteobacteria [Dedysh et al., 2002, Ricke et al., 2005, Kolb et al., 2005,

Knief, 2015]. USC methanotrophs are enigmatic, since the low atmospheric methane
concentrations (1.8 ppm) raise the question how these bacteria maintain or even grow in

their habitats, and several possible survival scenarios are assumed [Dunfield, 2007]: (i) they

are genuine oligotrophs| i vi ng sol ely on atmospheric methane,
occasionally produced methane and endure unfavourable methane-low conditions, (iiii) the

utilise other substrates besides methane, or (iv) methane is fortuitously oxidised by another
enzyme,wher ef ore O0trued methanotrophy would be que
might be true. It might be possible that the amount of methane is sufficient for growth [Kolb et

al., 2005], but further calculations also contradict this assumption [Degelmann et al., 2010]. It

might be further possible that methanogenic organisms sporadically supply enough methane

for the methanotrophs increasing the local methane concentration [Megraw & Knowles,

1987; Dunfield et al., 1995; Yauvitt et al., 1995; Andersen et al., 1998; Horz et al., 2002; Knief

& Dunfield, 2005]. It might be also possible that alternative substrates are indeed utilised by
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t h e digh-afinityd met hanotr ophs l eading to a pronounce
metabolism. Such facultative methanotrophs exist among the genera Methylocella,
Methyloferula, Methylocapsa, and Methylocystis, which can grow on acetate (C2) and

several other organic acids (up to C4) and possess the serine cycle for carbon assimilation

[Dedysh et al., 2005a; Theisen & Murrell, 2005; Semrau et al., 2011; Belova et al., 2013].

Acet at e assimilation was al so , bu withabd effdct dno r UuscC
methane degradation [Pratscher et al., 2011]. However, since no cultured members of the
tigh-affinityd met hanotrophs are avail abl e, they remai
research gap in terms of methanotrophy.

1.6.3.  Methanol-utilising methylotrophs and methanol oxidation

The majority of soil-derived methylotrophic isolates is non-methanotrophic and utilise
methanol as preferred C1 compound [Kolb, 2009a]. However, most studies on methylotrophs
in terrestrial environments were focussing mainly on methanotrophs [Dunfield, 2007;
Trotsenko & Murrell, 2008; Conrad, 2009; Kolb, 2009a; Degelmann et al., 2010; Stolaroff et
al.,, 2012; Chistoserdova, 2015], and only a handful of studies giving insights to
methylotrophs in aerated soil environments were conducted [Radajewski et al., 2000;
Radajewski et al., 2002; Lueders et al., 2004; Stacheter et al., 2013]. Further, the limited
molecular detection based on gene markers in most of the previous studies on soll
methylotrophs might have led to an underestimation of their taxonomic biodiversity.

The initial enzymatic step in terms of methanol utilisation is the oxidation of methanol to
formaldehyde. For this reaction at least three different enzymes are known in Bacteria: (i) a
pyrrolo-quinoline quinone (PQQ)-dependent methanoldehydrogenase (PQQ-MDH), occurring
in gram-negative Proteobacteria and Verrucomicrobia; (i) a nicotinamide adenine
dinucleotide (NAD)-dependent nicotinoprotein MDH (NAD-MDH), occurring in gram-positive
Bacillus strains [Arfman et al., 1989; de Vries et al., 1992; McDonald & Murrell, 1997;
Chistoserdova et al., 2009; Krog et al., 2013; Keltiens et al.,, 2014]; and (ii) a
met hanol : N DBdinkthyl{4NitroSoaniline) oxidoreductase (MDO, synonym MNO),
occurring in gram-positive Actinobacteria [Bystrykh et al., 1993; van Ophem et al., 1993;
Park et al., 2010] (Figure 6). Additionally, in methylotrophic Eukaryotes another enzyme
facilitates the first step of methanol oxidation [Hartner & Glieder, 2006; Gvozdev et al., 2012]
(see 1.7). With this spectrum of different enzymes several marker genes could be addressed,
but genetic and molecular information for most of them are rare [Kolb, 2009a; Kolb &
Stacheter, 2013]. Only genes encoding a part eidbunit df ¢he PQQ-MDH of
Proteobacteria, are well-characterized marker genes with suitable primers available for
environmental surveys [McDonald & Murrell, 1997; Dumont et al., 2005; Moosvi et al, 2005;
Neufeld et al, 2007; Stacheter et al, 2013; Taubert et al., 2015].

The protein structure of the PQQ-MDH was resolved for Methylobacterium extorquens,
Methylophilus sp., and the methanotroph Methylococcus capsulatus [Anthony & Williams,
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2002; Culpepper & Rosenzweig, 2014]. In terms of the methanotrophs the PQQ-MDH and
the MMO are assumed to form a supercomplex that facilitates the electron transfer without
any requirement for NADH [Myronova et al., 2006; Culpepper & Rosenzweig 2014]. In
general for all methanol-utilisers, the PQQ-MDH i s a solubl e quibfpoprote
located in the periplasm and possessing calcium ions and pyrrolo-quinoline quinone (PQQ)
as prosthetic group that passes electrons to a soluble cytochrome C, [Gosh et al., 1995;
Anthony & Williams, 2002; Gvozdev et al., 2012] (Figure 6B). The PQQ and the Ca*" are

| ocated i n tshbanit,wat @lhy tsihoowd a characteristic O6p
forming a superbarrel [Gosh et al., 1995; Anthony & Williams, 2002; Gvozdev et al., 2012;
Culpepper & Rosenzweig, 2014] (Figure 6B ) . The exact f unesubuwtis of t h

not resolved yet, but other quinoproteins lack this subunit indicating a specific function
[Gvozdev et al., 2012].

Proteobacteria, Verrucomicrobia , Rhizobiales
PQQ MDH

mxaF
xoxF /mxaF’

Burkholderiales, Rhodocyclales
PQQ MDH 2

Bacilli

NAD MDH
mdh

Actinobacteria

mod1/mod2

Figure 6 Diversity of known enzymes facilitating the oxidation of methanol in different
methylotrophic organisms (A) and the crystal structure of a PQQ-MDH (B).

Panel Asummarizes briefly the known diversity of enzymes and the corresponding encoding tharker genes fo
initial oxidation of methanol to formaldehyde as well as their phylogenetalodiptnibotitegative

methylotrophs yandeukaryotic methylotropland emphasizée PQOMDH as
welcharacterized marker enzymeswittble primers available. For more details and abbreviations refer to the

text. The figure is based on Kolb & Stacheter, 2013.

Panel Bshows the tetranodr £b) crystal structure of the RM@P oMethylococcus capsul@AIH. The

subunits areindeat wi th di ffeuédnni ¢tsl ownr ®» r GEubaniksdgneblnedandgede e n, s
and arrows point at the pygudlmline quinones located the active centre. Image: http://www.rcsb.org (PDB ID:
4TQO).

The molecular marker genes for a PQQ-MDH are mxaF and xoxF (synonymous to mx a)F 6
since they are highly conserved among proteobacterial methylotrophs [Lidstrom et al., 1994;
Kalyuzhnaya et al, 2008a]. Primarily, mxaF was used as universal marker gene, since the
enzymatic role of xoxF-encoded PQQ-MDH enzymes remained unclear, was highly
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ambiguous and therefore underestimated [McDonald & Murrell, 1997; McDonald et al., 2008;
Kolb 2009a, Kolb & Stacheter, 2013]. However, within the last years the importance, high
frequency and ubiquity of xoxF-type PQQ-MDHs were recognized [Keltjens et al., 2014;
Taubert et al., 2015]. The initial underestimation of xoxF could be due to the fact that XoxF-
type MDHs depend on lanthanide ions (Ln**, such as La®>* and Ce®") to be functional, which
was not considered under laboratory conditions previously [Chistoserdova & Lidstrom, 2013;
Keltiens et al., 2014]. Although the chemical similarities between Ca®" (necessary for
functional MxaF-type MDH) and Ln*" are significant, there is a dissimilarity, proposing Ln** to
be catalytically more efficient [Chistoserdova, 2016]. Thus, it is assumed that the presence of
Ln** at the active site of an enzyme turns XoxF-type MDH to more efficient enzymes being
also functional at low methanol concentrations [Schmidt et al., 2010; Skovran et al., 2011,
Keltjens et al., 2014]. Genomic studies revealed that several xoxF copies i paralogs and
orthologs i can be present in only one single bacterial genome, while only one mxaF copy is
present [Keltjens et al., 2014]. In addition, phylogenetic trees covering known sequences of
PQQ-dehydrogenase enzymes indicate that the MxaF-type MDHs represent only a minor
fraction in comparison to XoxF-type MDHSs, which emphasise the minority of mxaF in relation
to their xoxF counterparts [Kalyuzhnaya et al. 2008b; Bosch et al. 2009; Sowell et al 2011;
Chistoserdova, 2011; Ketjens et al., 2014; Taubert et al., 2015]. Currently, five distinct clades
of xoxF (xoxF1 to xoxF5) genes are known [Chistoserdova, 2011; Keltjens et al., 2014;
Taubert et al., 2015]. The xoxFl clade includes sequences of Xanthomonadales,
Methylocella and Methyloferula an d t he met hanot r Gandidatas
Met hyl omi r ab ithusi coveriagx methanot@pghic and non-methylotrophic species
[Keltiens et al., 2014; Taubert et al.,, 2015]. The xoxF2 clade seems restricted to the
methanotrophic Methylacidiphilum species (Verrucomicrobia) and enzymes have been
shown to catalyse the direct oxidation of methanol to formate [Keltjens et al., 2014; Pol et al.,
2014; Taubert et al., 2015]. The deepest branching xoxF3 clade includes several
methylotrophic species affiliated to Rhizobiales, Methylococcales, Methylophiliales,
Burkholderiales, a ICdandidétus Sol i bact er Agidobacteria)i[Keljien® et @l.,
2014]. Interestingly, most of the members of this clade are also harbouring xoxF genes from
the clades 4 and 5 [Taubert et al, 2015]. The xoxF4 clade includes exclusively
Methylophilales species, in which the enzyme is for some members the only functional MDH
(such as the isolate HTCC2181), and seems also restricted to freshwater and coastal
environments [Giovannoni et al., 2008; Kalyuhznaya et al., 2009; Taubert et al., 2015]. The
xoxF5 clade is the largest clade so far, includes methylotrophs as well as non-methylotrophs
of Alpha-, Beta- and Gammaproteobacteria, and the existing subgroups within the clade are
in agreement with the taxonomy of their members [Keltjens et al., 2014; Taubert et al., 2015].

Thus, the main differences between both MDHs encoded by mxaF and xoxF genes are: (i)
the enzymatic function (i.e., xoxF might be both: an active MDH and/or regulatory unit for the
MxaF enzyme), (i) the presence of Ca** or Ln*" at the active side, (iii) the amount of gene
copies within a bacterial genome (one copy of mxaF vs. several copies of xoxF), and (iv) the
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phylogenetic distribution among proteobacterial methylotrophs [Schmidt et al, 2010;
Fitriyanto et al, 2011; Skovran et al, 2011; Nakagawa et al., 2012; Keltjens et al., 2014;
Chistoserdova, 2016]. However, molecular analyses based on xoxF must be interpreted with
caution, since also non-methylotrophs possess these genes [Keltjens et al., 2014; Taubert et
al., 2015]. In turn, in some methylotrophic species that are affiliated to Methylophilales and
are mainly restricted to aquatic environments, xoxF is the only gene encoding for a functional
PQQ-MDH [Giovannoni et al., 2008; Kalyuhznaya et al., 2009; Chistoserdova, 2015; Taubert
et al., 2015].

Although the PQQ-MDHs are encoded by mxaF and xoxF, some methylotrophic isolates
such as the betaproteobacterial methylotrophs Methylibium petroleiphilum and
Methyloversatilis universalis lacking these genes. They possess an alternative PQQ-MDH
(PQQ-MDH2), which seems widespread among Burkholderiales, reveals a low similarity to
the O6not o-MDH(855%) anB i® €hcoded by the mdh2 gene, indicating a convergent
evolution of PQQ-MDHSs [Kalyuzhnaya et al., 2008a]. Further, as for some xoxF genes also
mdh2 genes seem to dominate marine habitats indicating the presence of habitat specific
methanol oxidative systems [Rusch et al., 2007; Kalyuzhnaya et al., 2008a].

Gram-positive methylotrophs (Bacilli and Actinobacteria) possess NAD(P)-dependent type I
alcoholdehydrogenases facilitating the oxidation of methanol (i.e., the NAD-MDH and the
MDO or MNO) [de Vries et al., 1992; Bystrykh et al., 1993]. Both cytoplasmatic enzymes are
induced by methanol and share similar structural characteristics such as a homo-decameric
structure, the non-covalently bound NAD(H) cofactor molecules, as well as Zn** and Mg?*
associated with the subunits [Vonck et al., 1991; Arfman et al.,, 1991; de Vries, 1992;
Bystrykh, 1993; Park et al.,, 2010]. In addition, the MDO of Actinobacteria is in vivo
associated with two further components building a multi-enzymatic system [van Ophem et
al., 1991; Bystrykh et al., 1993; Bystrykh et al., 1997]. The NAD-MDH of Bacillus does not
form such an enzymatic system, but can be stimulated (up to 40-fold increase [Arfman et al.,
1991; Krogetal.,2013]) by an activator propoegnr € ACT)ohaa
electron transport from methanol to NAD® [Hektor et al., 2002]. Among Bacillus strains
plasmid-dependent methylotrophy is widespread [Brautaset et al., 2004; 2007; Krog et al.,
2013], but genomic analyses of Bacillus strains revealed that in total 3 different NAD-MDHs
are encoded (two MDHs are chromosomal and one is plasmid-borne) [Krog et al., 2013].
These NAD-MDHs are transcribed at different levels depending on substrate conditions
(methylotrophic vs. non-methylotrophic), and revealed a broad substrate spectrum with
different preferences for alcohols, in which methanol appears to be not the preferred
substrate [Krog et al., 2013]. Further, in several enzymatic tests all MDHs revealed higher
affinities to other alcohols and even to formaldehyde than to methanol, indicating an
additional role of formaldehyde detoxification in situ [Krog et al., 2013]. Thus, thermotolerant
bacilli possess a larger repertoire of methanol-oxidizing enzymes with a more complex
regulation than previously thought [Krog et al., 2013].
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In summary, the broad spectrum of several methanol converting enzymes and the increasing
recognition of them among methylotrophs, especially in the case of the PQQ-MDHs (i.e.,
xoxF and the PQQ-MDH2), emphasises the need for molecular detection tools targeting the
methanol-utilising methylotrophic capacity in environments to gain a more comprehensive
and detailed assessment of the methylotrophic diversity.

1.6.4. Facultatively methylotrophic Bacteria

The majority of methylotrophic organisms are facultatively methylotrophic and are thus
capable of utilising multi-carbon compounds [Kolb, 2009a]. The substrate spectrum of these
methylotrophs includes several soluble compounds such as mono-, di-, and polysaccharides
(e.g. inulin, dextrin), sugar acids and polyols, primary alcohols (ethanol, butanol, and
isopropanol), glycerol, amino acids, mono-, di-, tricarbonic acids, aromatic compounds, and
various other nitrogen- and sulfur-containing carbon compounds [Kolb, 2009a]. Even
recalcitrant polymers might be utilised, since one cellulolytic methylotrophic representative
(Sagittula stellata) is reported that also grows on aromatic compounds and exhibits lignin
transformation capabilities [Gonzalez et al., 1997]. Facultatively methylotrophic taxa are for
example members of the alphaproteobacterial families Methylobacteriaceae,
Hyphomicrobiaceae, Beijerinckiaceae, Methylocystaceae, Bradyrhizobiaceae,
Rhodobacteraceae, and Xanthobacteraceae [Kolb, 2009a]. Within the Betaproteobacteria
facultatively methylotrophic genera are for instance Methylophilus, Methylovorus,
Methyloversatiles, and Methylibium [Kalyuzhnaya et al., 2006; Nakatsu et al., 2006; Yoon et
al., 2007; Doronina et al., 2013]. Also some gammaproteobacterial facultative methylotrophs
are reported in genera such as Methylohalomonas or Methylonatrum, but the majority of
methylotrophic Gammaproteobacteria seems to be obligately methylotrophic within the
methanotrophic representatives (e.g. Methylococcaceae) [Sorokin et al., 2007; Kolb, 2009a,;
Bowman, 2013]. Additionally, among the methylotrophic (methanotrophic) Verrucomicrobia
also no facultatively methylotrophic metabolism in terms of alternative carbon sources is
reported up to date [Op den Camp et al., 2009; Van Teeseling et al.,, 2014], but
Verrucomicrobia are capable of mixotrophic growth on methane and H,, utilising H, as
electron donor for respiration and carbon assimilation [Carere et al., 2016]. Among the
actinobacterial methylotrophic taxa such as Mycobacterium, Brevibacterium or Arthrobacter,
no obligately methylotrophic taxa are reported [Kolb, 2009a]. It is in general worthy to
mention here, that not all taxa in these mentioned families are mandatory methylotrophic.
Nevertheless, from a phylogenetic perspective facultatively methylotrophic organisms are
quite diverse. Further, due to emerging genomic and metagenomic studies, methylotrophic
capabilities were predicted in species that were initially not known to be methylotrophic such
as Granulibacter bethesdensis, Bradyrhizobium japonicum or Variovorax paradoxus [Kaneko
et al.,, 2002; Anesti et al., 2005; Greenberg et al., 2006; Chistoserdova et al., 2009].
Additionally, methylotrophic capabilities might also be often overlooked, since C1 compounds
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are often not tested during species characterisation (if the species was not isolated on C1
compounds), wherefore several heterotrophic organisms might be undiscovered
methylotrophs. Thus, in the last years the field of methylotrophy expanded regarding novel
methylotrophic representatives and methylotrophic pathways (see 1.3).

Among the facultative methylotrophs a further distinction can be made bet ween &6r est ri
and odmemnrictedd facultatively methyl otrangegs.hi ¢ or ¢
ONamestrictedd facultat i vel uytlisarcarbohiydcidstsugarp,aridc or g a
even aromatic compounds, whereas O6restrictedodo f
grow on a small range of substrates such as carbonic acids (such as acetate, malate,

pyruvate or succinate), alcohols (such as ethanol, propanol, glycerol) or some short chain

alkanes (such as ethane, propane). The utilisation of these substrates might be possible due

to already existing enzymes and metabolic pathways. Comparative studies revealed that the

ability of being facultatively methano- or methylotrophic depends more probably on the

substrate transport into the cytoplasm than on the presence of metabolic pathways

[Eccleston & Kelly, 1973; Shishkina & Trotsenko, 1982; Chain et al., 2003; Ward et al., 2004

Tamas et al., 2014]. This assumption is further emphasised by the fact that the obligately
methanotrophic Methylococcus capsulatus possesses indeed sugar metabolism genes (e.g.
alpha-ketoglutarate dehydrogenase), although it cannot grow on multi-carbon compounds

[Ward et al., 2004; Kelly et al., 2005; Tamas et al., 2014].

The growth on C1- and multi-carbon substrates is assumed to require different central
metabolic pathways [Skovran et al., 2010]. Thus, the central metabolism of a facultatively
methylotrophic organism is an elegant interaction of common heterotrophic and C1-specific
pathways (Figure 7) [Skovran et al., 2010; Peyraud et al., 2011; Peyraud et al., 2012].

However, the general metabolic behaviour or the carbon flux in facultative methylotrophs
under in situ conditions have been not revealed, since multi-carbon utilisation studies are
often conducted as a comparison between methylotrophic (only Cj;-compounds
supplemented) and multi-carbotrophic (only multi-carbon compounds supplemented)
conditions. Moreover, such studies are mainly limited, since they are conducted under
laboratory conditions and often concentrating on pure cultures of well studied model
organisms such as facultatively methylotrophic Methylobacterium extorquens strains, which
are in the laboratory focus for more than 50 years [Ochsner et al., 2015]. A critical parameter
for growth is also the amount of energy that is available for assimilatory processes [Peyraud
et al., 2011]. Growth studies with the well established facultatively methylotrophic model
organism M. extorquens AM1 revealed that under strictly methylotrophic conditions more
than 80 % of the methanol is directly used for energy conservation [Peyraud et al., 2011].
Nevertheless, the endogenously formed CO, is subsequently used for assimilation processes
[Large et al., 1961; Crowther et al., 2008; Peyraud et al., 2011]. Under multi-carbotrophic
substrate conditions a permanent high methanol oxidation capacity is still maintained,
enabling a quick response to methanol [Bosch et al., 2008; Skovran et al., 2010; Peyraud et
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al., 2011]. Thus, altering substrate availabilities (e.g. primarily multi-carbon followed by C1-
substrates) led to an effective and flexible switch of metabolic pathways within minutes. In
this Oswitching phase6 methanol wi || be i
organism being highly competitive [Skovran et al., 2011]. Under mixed substrate conditions
methanol is still used as main energy source, and the multi-carbon substrate (e.g. succinate)
is the main carbon source [Peyraud et al., 2012]. This partitioning is facilitated by the
repression of Cl-derived carbon entering the serine cycle, but a small amount of methanol
can be still converted into biomass (i.e., in purine syntheses pathways) [Peyraud et al.,
2012]. However, this knowledge is mainly based on the model organism Methylobacterium
extorquens AM1. Carbon flux or other metabolic studies are not available for facultatively
methylotrophic organisms possessing not the serine cycle for carbon assimilation or lacking
the EMCP in which the interaction of the different metabolic pathways might be different.
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Figure 7 Interactions of metabolic pathways and entry points of multi-carbon
compounds in facultatively methylotrophic bacteria.

Schematic overview of metabolic pathways and their interconnections in a facultatively methylotrophic metabolisr
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to central intermediates such as pyruvate. Substrate uptake via transporter proteins is indicated by black boxes. Th

figure is based on Anthony, 1982nnt2011; Peyraatd al, 2012; Vorobeat al, 2014; and the KEGG
PATHWAY database (http://www.genome.jp/kegg/pathway.html).
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Also the substrate preference by facultative methylotrophs towards C1- and multi-carbon
compounds might be different, possibly revealing a preference for one substrate over the
other. Within s ome Or e st r imetharotrdphsfatdecdouutiliseantethanesand acetate,
methane is preferred by Methylocapsa and Methylocystis, whereas Methylocella prefers
acetate as substrate [Dunfield et al., 2010; Belova et al., 2011; Im et al., 2011; Semrau et al.,
2011; Dunfield & Dedysh, 2014]. However, there are rarely been studies available targeting a
putative preferred substrate utilisation if both substrates are available at the same time, still
guestioning the in situ behaviour of facultative methylotrophs.

Evolutionary reasons for the metabolic phenomenon of obligate methylotrophy (especially
methanotrophy) are also not well understood, but were tried to be unravel in the metabolic
versatile family of Beijerinckiaceae [Tamas et al., 2014]. This family comprises specialists
and gener al i st s: obligate met hanotrophs, Orestri
restrictedod facul t at imetbylotroghic bhgrhoorganatrgphsgDedyshetd n o n
al., 2005a, 2005b; Dunfield et al., 2010; Marin & Arahal, 2013; Tamas et al., 2014; Dedysh et

al., 2015] (Figure 8).

93r Befferinckiaindica subsp. indica ATCC 3039 [NR_074269]
Bejjerinckiaindica subsp. facticogenses DEM 1719 [AJS63931]
Befferinckiaderxiisubsp. venezusiae DSM 2329 [AJ563934]
Bejferinckia derxiisubsp. derxii DEM 2328 [AJSE3033]
Befferinckia mobilis DEM 2326 [AJS63032]

Belferinckia dosheraineras LMG 2819 [EU401905]
Methyloferuia stelfata AR4 [FRB86343]
Methylorosula polaris V-022 [EU586035]
Methylocelia palustis K [Y17144] Q
Methylocelia sivestris BL2 [AJ491847]
Methyiocella fundras T4 [AJS55244]
Methylocapsa aurea KYGT [FMN433469]
Methylocapsa pafsarum NE2 [KPT15289]
Methylocapsa acidiphila B2 [AJ2T5726]
72 55 Methylovirgufa figrni BWEB3T [FM252034]
Methylocystis parvus OBBP [Y18845]
Hyphomicrobivm vaigare JTh G889 [2B3435807]
Methylobacterivm organophifum AT CC 27886 [AB1T75638]
Methylococous capsulatus Texas [AJSE3935] | -<
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Figure 8 Metabolic diversity covered by members of the Beijerinckiaceae.

Phylogenetic reconstructioBeijerinckiaceaffiliatedpecies based on 16S rRNA gene sequences (fragment
|l engt h add tBelr Metdbai] diversity covering obligately methylotrophic (methadoteophicr i ¢t e d 6

facultatively methylotrophic (methanotigpllicp-mest r i ct ed 6 f ac udmetl@mnotroplécl vy met hy

A), andnonmethylotrophfchemooragtrophic/ ) species.Hie shown neighbour joining tree is based on 19

nucleotide sequences in total including further alphaproteobacterial methylotrophic representatives and the

gammaproteobactekatthylococcus capsulaersing as outgroup. Bootstrap values were calculated from 1000
replicates and are shown for values O 50. Dots at

maxi mum | i kelihood and maxi mum pars;s]anlp mug fomoee hod ( O,
phylogenetic tree). Accession numbers are given in squared brackets. The bar indicates 0.05 change per nucleotide

Despite of t hei r met abol ic diversity these 3&weci es
dissimilarity based on whole 16S rRNA gene analyses) and the most parsimonious scenario
suggests that a methylotrophic ancestor (together with other methylotrophs like
Methylobacteriaceae) acquired methanotrophic capabilities [Tamas et al., 2014]. This ancient
methanotroph might also acquired organotrophic capabilities over time by gene transfer
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events and finally even discarded methylotrophic metabolism [Tamas et al., 2014]. Thus,
both, the utilisation of C1 compounds as well as the utilisation of alternative multi-carbon
substrates, might have been and still is an ecological niche-defining parameter in general,
allowing the organisms to establish in a complex microbial community.

1.6.5. Chloromethane-utilising methylotrophs and the cmu-

pathway

First reports of the utilisation of CHsCl were based on observations of the co-metabolic
oxidation by the MMO of methanotrophs that were, however, unable to grow on methyl
halides [Stirling & Dalton, 1979]. The first isolate growing on CH3Cl as sole source of carbon
and energy was Hyphomicrobium sp. MC1 isolated from an industrial sewage plant
[Hartmans et al., 1986]. Regrettably, this strain was lost, but within the last years several
other isolates growing on CHsCl were obtained including anaerobically growing ones such as
Acetobacterium dehalogenans MC [Traunecker et al., 1991] and aerobically growing ones
affiliated to  Alphaproteobacteria  (Hyphomicrobium,  Aminobacter, Leisingeria,
Methylobacterium, and the Roseobacter group) [Miller et al., 2004; Borodina et al., 2005;
Schafer et al., 2005; Nadalig et al., 2011] and Actinobacteria (i.e., Nocardioides sp. strain
SAC-4) [McAnulla et al., 2001a]. Aerobic CH;CI utilisers were detected in several
environments including polluted and pristine soils and marine habitats indicating a ubiquity of
CHg;Cl-utilisers in nature [McAnulla et al., 2001a; Schéafer et al., 2007].

Insights into the CH;CIl utilisation were obtained by studying the model organism
Methylobacterium extorquens CM4 (formerly M. chloromethanicum CM4 [Doronina et al.,
1996]) and revealed that CH;ClI utilisation is distinct from methanol utilisation [Vannelli et al.,
1998; 1999; Studer et al., 1999; 2001; 2002]. The initial utilisation of CHsCl is catalysed by
two interdependent methyltransferases, CmuA and CmuB (cmu: chloromethane-utilisation)
[Vannelli et al., 1999]. Th e met hyl t r ansf eir.a chioromethané:atide
methyltransferase) transfers the methyl group of CH3Cl onto a corrinoid (cobalamin, Co(l))
and t he met hyl t r anief eettylsobalaninH;folat€ mett®/dransferase)
transfers the methyl group further onto H,4F resulting in CHs-H,4F and subsequently CH,=H,F
(Figure 9) [Studer et al., 1999; 2001]. CmuA (marker gene cmuA) is a bifunctional (i.e., N-
terminal methyltransferase domain and C-terminal corrinoid-binding domain) monomeric
enzyme containing cobalt, zinc, and vitamin By, bound as cofactor, whereas CmuB (marker
gene cmuB) is a homodimeric enzyme and is rate-limiting during CH3CI utilisation, since it
depends on the intermediate methylcobalamin [Studer et al., 1999; 2001].
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Figure 9 Three C1 compound oxidising pterin-dependent pathways in
Methylobacterium extorquens CM4.

The CkClspecificmupathwayblack arroywdocussing dmwth methyl group transferring steps (methyltransfer
ontocorrinoid (cobalamin, Co(l) and methyltransfer onto tetrahydipfibliete gHowsfacilitated by the
methyltransfeses CmuA and CmuB #&oth possible pathways for methaitishtior(pterin dependent
pathways with pterofactors tetrahydrofolau)(ldr tetrahydromethanopteiMRH [Trotsenko & Murrell,
2008] grey arrowsEach arrow indicates an independent enzymatic ceautisiegnenzymatic pathways are
indicated by sequential arrows. The scheme was simplified etftey Z20de2002.

Interestingly, such reactions based on a cobalamin-dependent methyltransferase had been
described for strict anaerobic organisms [Ludwig & Matthews, 1997; Wohlfahrt & Diekert,
1997]. Additionally, CmuA and CmuB exhibit sequence similarities to methyltransferases of
methanogens assuming a common origin of some methylotrophic genes of methylotrophs
and methanogens [Vannelli et al., 1999]. Interestingly, comparative genomic analyses of
several Bacteria exhibited the presence of cmu genes in obligate anaerobs such as
Desulfotomaculum alcoholivorax or Thermosediminibacter oceani. These anaerobs are not
known for CHsCl-utilisation, and cmu genes show on protein level high similarities to the cmu
homologs of M. extorquens CM4 [Nadalig et al., 2014]. Therefore a common evolutionary
origin of cmu genes and their distribution via HGT events is assumed.

In total, the growth of M. extorquens CM4 on CH;CI depends also on 4 genes: cmuA, cmuB,
cmuC, and purU [McAnulla et al., 2001b]. The gene purU encodes for a putative formyl-H;F
hydrolase catalysing the formation of formate [McAnulla et al., 2001b], wherefore in CH;ClI-
utilisers another H,F-dependent C1-metabolism pathway is further present than in methanol-
utilisers [Studer et al., 2002]. The in vivo function of CmuC remains unresolved yet, but it is
assumed that cmuC encodes for a further methyltransferase that might be facilitated a
H,MPT-dependent cmu-pathway expanding the capabilities for CH3Cl-utilising organisms
[McAnulla et al., 2001b; Studer, 2001]. Moreover, the cmu-pathway genes are plasmid-born
in M. extorquens CM4 facilitating the chance for HGT of CH3Cl utilisation capabilities
[Chaignaud, 2016]. Apart from the uncovered cmu-pathway some CH;Cl-utilising bacteria
such as the marine strains Leisingera methylohalidovorans MB2 and Roseovarius sp. 217
lack cmuA genes, but can grow on CH3Cl indicating another cmu-pathway not yet resolved
[Schéfer et al., 2007].
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Another pathway, that is not resolved in detail yet, is the anaerobic degradation of CH;Cl by
the strictly anaerobic methylotrophic homoacetogenic Acetobacterium dehalogenans MC,
mediating the formation of acetate form CO, or reduced C1 compounds [Traunecker et al.,
1991]. The utilisation of CH3Cl is facilitated by a methyl chloride dehalogenase, initially
transferring the methyl group to the central metabolic intermediate H4F. The resulting CHs-
H,4F is further oxidized to CO,, gaining reducing equivalents, or is used for acetate formation
by the subsequently carbonylation reaction, where acetate is formed from the methyl group,
coenzyme A and CO [Mel3mer et al., 1993; 1996]. However, whether a corrinoid protein is
involved in the carbonyl reaction is not resolved yet, as well as more details on the
dehalogenase (i.e., marker gene or enzyme structure) are lacking [Mel3mer et al., 1996].
Another still completely unknown cmu pathway exists in Pseudomonas aeruginosa NB1 that
can utilise CHsCl under aerobic and nitrate-reducing conditions [Freedman et al., 2004].

Taken together, the knowledge on CH;CI utilisation has grown over the last 30 years. In
terrestrial environments the phyllosphere was recognized as a suitable habitat for CHsCI-
utilisers [Nadalig et al., 2011; Bringel & Couée, 2015]. Considering the existence of soil-
derived cmu-sequences and plants / plant material as a great source of CHsClI (see 1.1.3 &
Figure 2), also soils should be more studied in terms of CH3Cl-utilising methylotrophs
uncovering the putative importance and metabolism of soil-dwelled CH;Cl-utilisers.

1.7. Fungal methylotrophs and the MUT

Methylotrophic fungi are known since their first isolation in 1969 [Ogata et al., 1969], and
several representatives are well established in biotechnological applications (e.g. single cell
protein production, recombinant protein production [Wegner, 1990; Gellissen & Hollenberg,
1997; Gellissen, 2000]). They are abundant in nature and are often associated with pectin-
rich (methoxy group-rich) plant compounds such as fruits, litter and wood [Craveri et al.,
1976; Ne g r etéak, 2010]. It seems that methylotrophic yeast can only use methanol-
derived compounds as energy and carbon source whereas methylamine might be a nitrogen
source [Yurimoto et al., 2011]. Methane utilisation by some yeast strains was reported in the
1980s, but no further reports on methanotrophic fungi or putative pathways and enzymes are
available [Wolf & Hanson, 1980; Anthony, 1982; Hanson & Hanson, 1996].

Most prominent are methylotrophic yeasts belonging to several genera such as Candida,
Hansenula, Torulopsis, Trichosporon, Pichia, Polyporus, Poria, and Radulum, as well as the
recently from Pichia separated genera Ogataea, Kuraishia, and Komagataella [Hartner &
Glieder, 2006; Kaszycki et al., 2006; Kondo et al., 2008; Limtong et al. 2008 ;etdN,egr uét
2010; Yurimoto et al., 2011]. Within mould fungi methylotrophic representatives are more
limited, and although some representatives possess genetic hints, methylotrophy is
physiologically not proven [Kondo et al., 2008; Gvozdev et al., 2012; Kolb & Stacheter,
2013]. However, the classification and assignment of methylotrophic fungi is complicated.
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For example the yeast Pichia angusta has several synonyms such as Hansenula angusta,
Hansenula polymorpha, and Ogataea polymorpha [N e g r et &.4£.2010].
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Figure 10 Methanol metabolism in methylotrophic yeasts (A) and the crystal structure
of a FAD AOx (B).

Panel Ashows details of the MUT in yeast cells focussing on the peroxisomal oxidation of methanol (black lines) and
the cytosolic asdatory (dark grey dashed lines) and dissimilatory pathways (light grey dotted lines). For more
details refer to the text. The amount of carbon atoms per molecule in the assimilatory pathway are indicated in gre
boxes. Abbreviations: FAD AOx, FAD depéeutwit oxidase; CTA, catalase; RR, rearrangement reactions.
Molecule abbreviatiom#1A, dihydroxyacetone; FBP, fructobésph@sphate; GAP, glyceraldehyde 3

phosphate; GSH, reduced form of glutathigDEl2@S$, -8ydroxymethyl glutathione; XMRoseyl&

phosphate. The figure is based on YetiedpgD11.

Panel Bshows the homeatameric crystal structure of the FAD A®xmefthylotrophic yedishia astoris

Each subunit is indicated with different colours and the arrow poktoati@mtynbound FAD as prosthetic

group (in total 10 FAD molecules are present). Image: http://www.rcsb.org (PDB ID: 5HSA).

All methylotrophic yeasts employ a common methanol utilisation pathway (MUT, Figure 10A)
that was mainly characterized in Hansenula polymorpha (Pichia angusta) and Candida
boidinii [Veenhuis et al., 1983; Tani, 1984; Large & Bamforth, 1988; Yurimoto et al., 2011].
This MUT is transcriptionally repressed by glucose and ethanol, but can be highly induced by
methanol resulting in large amounts of necessary enzymes and peroxisomes [Hartner &
Glieder, 2006; Nakawaga et al., 2006; Yurimoto et al., 2011; Koch et al., 2016]. The MUT
pathway is in many ways different from the pathways described for methylotrophic bacteria
(see 1.4, 1.5) with the main differences being (i) the nature of the key enzyme and (ii) the
compartmentation of the pathway in peroxisomes [Anthony, 1982]. Initially in peroxisomes
methanol is oxidised to formaldehyde resulting in the formation of hydrogen peroxide (H,O5)
that is subsequently removed by catalase activity [Anthony, 1982; Hartner & Glieder, 2006;
Yurimoto et al., 2011]. As for methylotrophic Bacteria formaldehyde is the branching point for
dissimilation and assimilation. The cytosolic assimilatory pathway i dihydroxyacetone cycle
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(DHA) or xylulose monophosphate pathway 1 is somehow similar to the RuMP cycle of
methylotrophic Bacteria (see 1.5.1). The C1l-unit (formaldehyde) is transferred to a C5-
acceptor (xylulose monophosphate) resulting in the C3-units dihydroxyacetone (DHA) and
glyceraldehyde phosphate (GAP) used for the biosynthesis of cell material and the
rearrangement of the C5-acceptor [Anthony, 1982; Hartner & Glieder, 2006; Yurimoto et al.,
2011]. The cytosolic dissimilatory pathway plays a crucial role in detoxification [Sakai et al.,
1997; Lee et al., 2002; Hartner & Glieder, 2006], and formaldehyde reacts non-enzymatically
with reduced glutathione (GSH) generating S-hydroxymethyl glutathione (S-HMG) that is
further oxidised to CO, by a omnipresent GSH-dependent pathway [Harms et al., 1996;
Hartner & Glieder, 2006; Yurimoto et al., 2011].

One key enzyme for methylotrophic fungi facilitating the initial oxidation step of methanol is a

flavin adenine nucleotide dependent alcohol oxidase (FAD AOx) [Hartner & Glieder, 2006;
Gvozdev et al., 2012; Koch et al., 2016], which was primarily described in a Basidiomycetes
[Janssen et al., 1965; Gvozdev et al., 2012]. The FAD AOx is a homo-octameric enzyme
possessing one non-covalently bound FAD as prosthetic group per monomer and is formed

of two facing tetramers (Figure 10B) [Koch et al., 2016]. The FAD AOxX is not restricted to
methanol only, but can also oxidise other short aliphatic alcohols such as ethanol and 1-
propanol [Koch et al., 2016]. Enzymatic and molecular studies have revealed two subunits of

the FAD AOx differing in their amino acid residues, encoding genes (i.e., U-subunit is
encoded by MOD 1 (synonyms: AsoMndt ,is eAcbded. by MODX b
(synonyms: AOX2, AUG2) ) and -subunitt dt dosvinethamolondi t i o
concent r-aubunibat lsigh (>8%) methanol concentrations) [Hartner & Glieder, 2006;
Gvozdev et al., 2012]. Thus, both subunits are active under different conditions enabling an
elegant fine-tuning of the methylotrophic fungi in response to environmental conditions and
resulting in up to nine different FAD AOXx isoenzymes consisting of a combination of both
subunits [Ito et al., 2007; Gvozdev et al., 2012]. Such FAD AOx isoenzymes are widespread
among the methylotrophic yeasts, but some representatives such as the well established
model yeast strain Candida boidinii and Hansenula polymorpha possess only one gene (i.e.,
MOD1) encoding for the FAD AOx [Hartner & Glieder, 2006; Ito et al., 2007; Ne g r et alk
2010].

However, although methylotrophic yeast, the MUT pathway and its regulation are well
understood, the role and diversity of methylotrophic fungi in the environment and especially
inside microbial communities in terrestrial habitats is hardly resolved. Based on the
knowledge of the methylotrophic capabilities and the metabolic versatility of fungi they might
be underestimated and represent another large microbial sink of methanol besides methanol-
utilising bacterial methylotrophs in forest soils.
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1.8. Ecological niche-defining factors of methylotrophs

Several biotic and abiotic factors define the ecological niche of organisms allowing them to
permanently establish in a complex community [Hutchinson, 1957; Kolb, 2009a]. Such
factors can be biotic or abiotic, such as the substrate range that comprises for example
narrow and wide substrate ranges (i.e., obligately methylotrophic vs. facultatively
methylotrophic, see 1.6.4), the utilisation of specific substrates such as specific C1
compounds (e.g. methanotrophs or CH;Cl-utilising methylotrophs), as well as the
concentration of av tow-bffnityd e ahiplrdff@mityd amestsh g rea tgr. o pbh s ,
1.6.1 & 1.6.2). Further abiotic factors include the availability of oxygen or alternative electron
acceptors, the availability of nitrogen or the ability to fix nitrogen, the soil temperature, the
concentration of salts and the osmotic stress tolerance of an organism as well as the
tolerable pH-range [Kolb, 2009a]. Microorganisms can tolerate pH values below and above
their pH optima, and soils exhibit pH buffer capacities preventing dramatic pH shifts.
However, soil is not homogeneous and within microhabitats the pH can differ up to one pH
unit [Or et al., 2007].

Along the soil-derived aerobic methylotrophs the majority is neutrophilic and is inter alia
affiliated to alphaproteobacterial methylotrophs such as Methylobacteriaceae or
Hyphomicrobiaceae, gammaproteobacterial methanotrophs, betaproteobacterial
methylotrophs, and Actinobacteria [Kolb, 2009a]. Acidotolerant and acidophilic aerobic
methylotrophs are affiliated to Beijerinckiaceae and Methylocystaceae for example and the
methanotrophic Verrucomicrobia, in which these microorganisms are highly acidophilic [Kolb,
2009a; Marin & Arahal, 2013; van Teeseling et al., 2014; Knief, 2015]. The minority of
aerobic methylotrophs is alkaliphilic such as some Methylomicrobium species, Methyloarcula
terricola, or Paracoccus alcaliphilus [Kolb, 2009a; Knief, 2015].

In addition, the occurrence of some methylotrophic guilds s u c h a shightaffinity6 6
methanotrophs o f the USCU and USCo group anstihnok he <con
utilisers in soils is also pH-correlated [Kolb et al., 2005; Kolb, 2009a; Stacheter et al., 2013].

Thus, the endogenous pH and shifts in the pH can dramatically affect microbial communities

and the associated methylotrophs.

1.9. Hypothesis and objectives of the current study

Methylotrophs are widespread in nature being important regulators of the emission of VOCs
like methane, methanol and chloromethane (see 1.2, 1.6) [Hanson & Hanson, 1996; Kolb,
2009a; Schéfer et al., 2007; Chistoserdova & Lidstrom, 2013; Chistoserdova 2015]. These
compounds are produced in natural environments, and the contribution of the terrestrial
sources can reach high amounts (see 1.1 & Figure 2) [Keppler et al., 2005; Millet et al., 2008;
Nazaries et al., 2013]. Methane is in nature mainly produced in anoxic soil environments and
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methanol and chloromethane are mainly derived from plants or degraded pectin-rich plant-
derived material (i.e., litter, wood, humus) (see 1.1 & Figure 2) [Keppler et al., 2005; Millet et
al., 2008; Nazaries et al., 2013]. Therefore, forest soil environments are perfect habitats for
methylotrophic organisms utilising methane, methanol and/or CH;Cl.

The role of methylotrophic microorganisms in terrestrial ecosystems as global sinks of C1
compounds is undisputed [Kolb, 2009a; Degelmann et al., 2010; Stacheter et al., 2013;
Wohlfahrt et al., 2015], but their environmental controls, their distribution in the phyllo- and
rhizosphere, and their diversity in different climate zones are largely unresolved [Kolb,
2009a; Stacheter et al., 2013; Kolb & Stacheter, 2013; Wohlfahrt et al., 2015]. The taxonomic
diversity of methylotrophs in temperate forest soils is affected by soil pH and the vegetation,
but a detailed understanding of driving factors in these ecosystems is lacking [Kolb, 2009a;
Degelmann et al., 2010; Stacheter et al., 2013]. Several studies were carried out to gain a
better understanding of methylotrophic taxa in soil environments [Radajewski et al., 2000;
Radajewski et al, 2002; Stacheter et al., 2013], but the actual knowledge is mainly based on
pure cultures and artificial laboratory experiments [Radajewski et al, 2002; Kolb, 2009a] or
concentrates on methanotrophs [Dunfield et al., 1999; Knief et al., 2003; Degelmann et al.,
2010; Liebner et al., 2011; Gupta et al., 2012; Knief, 2015]. Further, it is likely that the limited
molecular view by marker gene-based studies leads to an underestimation of methylotrophic
taxa due to the poor availability of suitable molecular tools as well as the recognized
6 modul ameitthy | o/ftwhich pevegléd a methylotrophic versatility and the modularity
of methylotrophic pathways (see 1.3, 1.6).

Since the majority of soil-derived methylotrophic isolates are facultatively methylotrophic,
they can utilise also other multi-carbon substrates common in soil environments [Kolb,
2009a]. Thus, methylotrophs occupy different ecological niches in situ probably defined by
their substrate range, which enables them to permanently establish in a complex soil
community along with other methanol-utilisers and non-methylotrophic heterotrophs
[Hutchinson, 1957].

Based on this knowledge and the still open questions the following central hypothesis was
proposed for this doctoral thesis:

The substrate spectrum of methylotrophs including one-carbon
compounds and multi-carbon compounds as well as the soil pH are
important ecological niche-defining parameters in a forest soil.

Since three different C1 compounds were the focus of this doctoral thesis i methane,
methanol and chloromethane i the following text is subdivided based on the addressed C1
compounds.
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Methane i In order to address methanotrophic organisms the following sub-hypothesis was
proposed based on t he cur rhgh-affinitydn omvé telda@g o tornophs f aci |
oxidation of low methane concentrations in the investigated Steigerwald soil:

Alternative substrates su p p ohigh-affinityémethanotrophs in soil.
Thus, the following objectives were formulated:

(i) Evaluation of the response o fhighdaffinityd met hanotrophs on putat
substrates besides CHj.
(i) Identification of alternative substrates of digh-affinityd methanotrophs in an acidic

forest soil.
(i) Enr i c h magh-affintyd nmet hanotr ophs.

Methanol 7 In order to address methanol-utilising organisms the following sub-hypothesis
was proposed based on the current knowledge on facultatively methanol-utilisers and the
assumed underestimation of methylotrophic diversity in forest soils:

The multi-carbon substrate spectrum of methylotrophs and the soil pH
are important ecological niche-defining parameters in soil.
Thus, the following objectives were formulated:

() Identification of bacterial and fungal key methanol-utilising taxa in an acidic forest
soil.

(i) Determination of facultatively methylotrophic organisms assimilating also alternative
multi-carbon substrate besides methanol.

(iii) ldentification of hitherto unknown facultatively methylotrophic organisms.

(iv) Assessment of the influence of a shifted pH on the indigenous soil methylotrophs.

Chloromethane i In order to address CHsCl-utilising organisms the following sub-
hypothesis was proposed based on the current knowledge on soil-derived CH;Cl-utilising
taxa:

The co-utilisation of chloromethane by methanol-utilisers
is an ecological niche-defining parameter in soil.
Thus, the following objectives were formulated:

(i) Identification of bacterial methanol- or CHsCl-utilising taxa in an acidic forest soil.

(i) Determination of methylotrophs co-utilising methanol and CH;ClI in an acidic forest
soil.

(i) Assessment of partitioned C1 compound utilisation.

(iv) Identification of hitherto unknown methanol-utilisers and CH;Cl-utilisers in an acidic

forest soil.
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2. MATERIALS AND METHODS

2.1. Sampling sites and sampling

2.1.1. The main sampling site Steinkreuz in the area Steigerwald

The approx. 1000 km? comprising area of the Steigerwald is one of the largest deciduous
forest sides in Germany [Miller et al., 2008]. The area is located in the North of Bavaria
between Nurnberg, Bamberg and Wirzburg. Dominant deciduous tree types are beeches
(Fagus L.) and oaks (Quercus L.) [Ellerbrock et al., 2005]. The sampling site was at the
exploration area Steinkreuz, which is located near Ebrach (Figure 11). The area Steinkreuz
is located 400 i 460 m above sea level and was a research topic of several ecological
system studies.

1 » 400 m ONN

i \roﬂ@w..
|\
Gerolzhofen

o 2 4 & B 10km

Figure 11 Localisation of the exploration area Steinkreuz in the Steigerwald forest.
Image was taken from http://www.baydegmenth.de/bitoek/de/forschung/5429/standorte/steinkreuz.php.

The soil is classified as a cambisol and presents a sandy or sandy-loamy texture with
partially clay. The upper part of this soil (i.e., first 5 cm corresponding to the A horizon) was
used in all experiments (Figure 12). The A horizon is enriched with humus (Ah). The rock
strata at the Steinkreuz belong to the sediments of the middle Keuper alternating with sandy
and cloamy layers. The soil pH of the A horizon is acidic (i.e., 4.75 - 5.00). (data reference:
http:/www.bayceer.uni-bayreuth.de/bitoek/de/forschung/5429/standorte/steinkreuz.php)
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Figure 12  Soil profile from cambisol at the sampling area Steinkreuz.

The image of theils@rofile(A) was taken frorhttp://www.bayceerhayreuth.de/bitoek/de/forschung/

5429/standor&teinkreuz_Bodenprofigjpdihe image of the soil ajrihe upper soil lag@was taken during
the first sampling survey in May 2012.

The vegetation at Steinkreuz is dominated by beeches (mainly European beech Fagus
sylvatica, at different ages) and young oaks (Quercus petraea) (Figure 13). The top soil is
completely covered by litter (mainly beech leaves) and partially dead wood in different rotting
stages (small branches and trunks). Since the area is ring-fenced, an undisturbed soil
environment is assumed, i.e., no impact of hoofed game (such as deer and boar) or humans.

Additionally, the sampling area was a previous research object of studies on methanotrophic
microorganism in forest soils [Degelmann et al., 2009; 2010; Degelmann, 2010].

Further information and a comparison to the other sampling sites of this thesis are listed in
Table2at the end &dmplingistesdecti on O

All samples were taken from the upper layer of soil corresponding to the A horizon (Figure
12). For every time point of sampling (in total 6;Table 2, see 2.3.1, 2.3.2, 2.3.3, 2.3.4, 2.3.6,
2.3.7, 2.3.8, and 2.3.10) different sides (at least 5 m distance to each other) were chosen
reflecting the general characteristics of the total sampling area (saplings, dead wood,
clearing, shady, old beeches). The litter layer was always manually removed with a spade
before soil sampling. Loose soil of each sampling point containing roots, wood and other
particles was separately stored in plastic bags covered with litter on the top in order to
prevent desiccation. Plastic bags were not sealed to maintain oxic conditions. Soil samples
were always stored at 20°C in the dark (maximal storage of 3 days).
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Figure 13 Images of the sampling site &teinkreuzé in the deciduous forest area
Steigerwald.

Thesampling sitd different sampling time points in early and late summer between 2012 and 2014. The snapshots
reflect the characteristics ofdhgling sitee.,an unmanaged forest with beech stand, saplings, dead wood,
clearing, shady, and old beeches.

2.1.2.  Further terrestrial sampling sites

Apart from the main sampling site concentrating on a temperate forest soil, several different
other soils were analysed in different experiments (see 2.3.5, 2.3.9). These sampling sites
include other forest soils, meadow soils, field soils, and compost soil (Figure 14). All samples
were taken from the uppermost layer of each soil according to the sampling of forest soill, i.e.,
soil was taken with a spade or shovel and loose soil was stored in plastic bags (see 2.1.1).

The soil sample of the O6compost soil &6 wahs taker
plant waste (leaves, flowers, fruits, lawn cuttings) at the top and underlies the normal

composting processes (no drum composting) (Figure 14A). Soil was taken in between the

concrete units and was already decomposed, i.e., no unrotten plant material was included.

The compost soil was dark brownish and also partially loamy.
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The samplingsites 6 canol a6, d6émeadow 106, O miredoeadledinthe est 0,
area of the Landeskrone, the local mountain of Gorlitz (eastern Saxony). The Landeskrone is

of volcanic origin, the bed rock is mainly basalt and granite. The area of the Landeskrone is

mainly under natural protection and a local recreation area.

The agricultural field samplingsite6canol a6 is subjected to crop ro
nutrient. At the time of sampling the crop was canola that already bloomed (Figure 14B). Soil

samples were taken directly next to the plants including roots and were characterised as very

loamy.

The sampling site 6 me a d é6was dbminated by grasses herbage (species of Poales, not
further classified) and clover (Trifolium sp.) (Figure 14C). The soil samples taken were
intensively permeated by roots and were also characterised as very loamy.

Theveget at i on at t h etewasndharastdriseld byrtrees of diffeemt ages (shoots
and old trees) of beech (Fagus sp.), birch (Betula sp.), lime (Tilia sp.) and maple (Acer sp.)
inter alia (Figure 14K). The herb layer was only small; instead a litter layer was present. Soil
samples were taken below the litter layer and were not intensively permeated by roots. The
soil was dark brownish and not very loamy.

The samplingsitedher bs &6 was a s neavery prondurecedrhérim lgyer imcludinhg
common herbs such as nettles (Urtica sp.), deadnettles (Lamium sp.), bedstraw (Galium sp.),
lesser celandine (Ficaria sp.), chickweed or stichwort (Stellaria sp.), and wild arum (Arum
sp.) (Figure 14F). The clearing was bordered with several tree species such as maple (Acer
sp.) and beech (Fagus sp.). The soil samples taken were dark brownish to black indicating
high amount of humus.

The sampling site 6beeché i s & yeas rold Eutoheambeegh stand (Fagus
sylvatica) with old beeches dominating the vegetation and a pronounced litter layer of beech
leaves (Figure 14J). The soil samples were taken next to beeches below the litter layer. The
soil samples were not permeated by roots and the soil colour (i.e., dark brownish to black)
was again indicative for a higher amount of humus.

The sampling sites O6syringabd, 6meadow 26, O6birché, Opi ne
area of Bayreuth, whereas the sampling sites of &6bi rché, 6pined and 6bl
in the same area (small forest area near Bayreuth Wolfsbach).

Thesoi | samples of o6syringadé were taken from t he
Although syringa is a deep-root plant the upper soil was permeated with several roots and

the soil was highly condensed. No further vegetation was below the bush at the sampling site

(Figure 14G).

The sampling site  meadow 208 wa sBayreotlt @he sail textueedsrcharacterised
as sandy clay loam [Horn et al., 20037 . The vegetation of O6émeado
herbage (species of Poales, not further classified) and flowering plants such as common
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dandelion (Taraxacum officinale), hawkbits (Leontodon sp.), daisy (Bellis perennis), tufted
vetch (Vicia sp.), and crowfoots (Ranunculaceae) (Figure 14D).

Figure 14  Further terrestrial sampling sites covering different soil environments.

Pictures of furthdifferensoilecosystem typasthetime of their samplicgmpost sdi),canolgB),meadow
1 (C),meadow 2ZD) blueberr{E) herbqF),syringg(G) birch(H) pine(l) beechJ), andmixed foregK)
Sampling sitiescriptions are given in the text.
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The samplingsiteat t h @ teswpsicimaeacterised by a pine (Pinus sp.) stand with a litter
layer comprised of pine needles and cones. The forest floor was partially covered with moss
(specis of Bryophyta, not further classified), cowberry and blueberry (Vaccinium sp.) (Figure
141). In order to take soil samples next to a pine tree from the uppermost part of soil, the litter
layer was removed until soil was apparent. However, a huge amount of pine needles was still
in this soil samples. The soil was very dry and sandy.

The samplingsite 6 bl ueber ry6 wasite andewas charabterised lyy iameaténsive
stand of blueberry plants (Vaccinium myrtillus) and moss (specis of Bryophyta, not further
classified) (Figure 14E). The soil was taken below the moss layer and included pine needles.
Soil samples from these two sampling sites were acidic in pH.

Soil samples taken from the samplingsite6 bi rch6é were taken dBetolect!|l y f
sp.) at the edge of the forest. The vegetation around the birch was dominated by grasses

(species of Poales, not further classified) (Figure 14H). The soil sample was very sandy and

of reddish colour indicating a higher amount of iron oxides.

2.1.3. Sampling sites associated with aquatic environments

Apart from terrestrial ecosystems two different aquatic systems were additionally targeted
(see 2.3.9). One was a freshwater system (Berzdorfer See) and the other was a marine
system (Baltic Sea).

The samples 6l akewat er 6 and B&ddafér See (seerFiguie 18)er e t ak
The lake is located near Gorlitz (eastern Saxony) and is an artificial lake created out of a

former brown coal (lignite) mine. The flooding process was finished in 2013 and the area of

the lake is now 9.6 km2. The lake is partially protected by nature conservation and a local

recreation area. The lake has an excellent water quality with a neutral pH (pH value 7.6).

Samples were taken at the eastern shore site . 6Lakeshored6 samples were
of approximately 30 cm. The texture of the shore was sandy to gravelly (small stones up to a

lengthof 1 ¢ m) . OLakewat er &8 wa sTha vadetation at theoshoretsitee s ur f
included rushes (Juncus sp.), sedges (Carex sp.), reed (Phragmites sp.), and bulrush (Typha

sp.). (Reference: https : / / www. | mbv . de, key hitop/wdw.bérRleferz dor f er
see.eu/ 1 all references are in German)

The samples O0seashored, O6éseawat er O BatioSea.dleea sedi
06seashored samples wer e t ak 8trandd thap ismlodatedeat theor t her n
entrance of the Kieler Forde. Samplesof 6seawaterd and O0seBokmsedi ment
Eck that is located at the entrance of the Eckernférde Bucht. Boknis Eck is one of the oldest

time series stations (since 1957) and is mainly characterised by the regular inflow of North

Sea water instead of riverine inflow. Hypoxia and sporadically anoxia at the sea floor arise

caused by seasonal stratification occurring frol
from the surface water at Boknis Eck and O0sea sedi mentd was taken
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sediment layer from the sea floor at a depth of 28 m. The sediment sample was of dark black
colour and muddy with only small particles in texture. All marine environmental samples were
kindly provided by Dr. Sonja Endres. (Reference: https://www.bokniseck.de/de)

All aquatic samples were taken and stored in glass bottles with a large oxic phase to ensure

oxic conditions. Shore samples were always covVc¢
stored in a glass bottle closed with a cotton plug. Samples were always stored at 4°C in the

dark.

ol AN PP

Figure 15 Sampling sites covering different aquatic environments.

Pictures of freshwater and Berzdorferr5€éeAe ¢ 0 & YV Belzdodehby pés o f
See( B) , 6 sStranddheoa cehd (a@) , -udps)e a(sh)o,r edBolafiacEbmbesdsp) (B and 6 o f

0 s e a wBRoknéEclgF).Sainpling siteescriptions are given in the text.
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Table 2 Overview on the different sampling sites.
, geographic altitude temp precipitation experiment ,
Location location [m] ® °C] [mm] © pH (link) Sampling date
2.3.1 01.05.2012
2.3.2 21.05.2013
. . < N . . 2.3.3 12.08.2013
Forest soil Steigerwald 49A526N [/ 40071 460 7-8 700 - 800 acidic 236 20.08.2013
2.3.712.3.8 18.06.2014
2.3.4/2.3.10 29.09.2014
Compost soil Gorlitz 51A096N / 200 47 11 655 neutral 2.3.9 12.10.2014
Lakewater Gorlitz " . y neutral
Lakeshore (Berzdorfer See) 51A5NjN / 186 47 11 655 neutral 2.3.9 12.10.2014
Seawater Boknis Eck < : . neutral 28.09.2014
Sea sediment  (Baltic Sea) S4A3INN /[ -2870 6-12 78 neutral 239 17.09.2014
Seashore Strande Beach 5 4 4 5 7 NjN 0 6-12 778 neutral 23.9 01.10.2014
(Baltic Sea) neutral
herbs, n.a.¢
mixed forest, Gorlitz ] n.a.®
beech, 51A0806N / 2007 420 4711 655 n.a.® 2.35 14.05.2015
(Landeskrone) d
meadow 1, n.a.
canola n.a.’
pine, ) n.a.¢
blueberry, Bayreuth 49 A5 4NN / 340 371 12 594 n.a.® 2.3.5 11.05.2015
birch n.a.°
meadow 2 Bayreuth 49A55NjENJE 340 37 12 594 neutral 2.35 18.05.2015
(Trafowiese)
syringa Bayreuth 49 A57NjN / 340 37 12 594 neutral 2.35 13.05.2015

aabove sea level

bmean annual temperature

¢mean annual precipitation

dnot analysed
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2.2. Chemicals, gases, solutions, growth media and labware

All chemicals, gases and labware were obtained from Sigma Aldrich (Steinheim, Germany),
Fluka (Buchs, Switzerland), Applichem (Darmstadt, Germany), RielBner (Lichtenfels,
Germany), Eppendorf (Hamburg, Germany), BioRad (Hercules, USA), and Carl Roth
(Karlsruhe, Germany), unless otherwise indicated. Sterile syringes and needles (BD
Biosciences, Heidelberg, Germany) were used to take gas samples or for the fractionation of
SIP gradients.

Al l solutions and medi a wer e prepared @dt h dei
Seralpur Pro CN, Seral Erich Alhauser, Ransbach-Baumbach, Germany) and set-up in sterile

glass ware or tubes (VWR International, Darmstadt, Germany). Sterilisation of solutions and

media was done either via autoclaving (Sanoclav, Wolf, Geislingen, Germany) or filtration

(0.2 em pore size, cellulose acetate membrane,
Dassel, Germany).

2.2.1. Trace element solution

The trace element solution was prepared according to Whittenbury et al., 1970a (trace
element solution of the NMS medium). In short, a trace element stock solution (1000x) was
prepared, filter-sterilized and stored frozen at -20°C (1 ml aliquots). For the trace element
solution used to prepare soil slurries the stock solution was diluted (1x; i.e., 1 mL in 1L).

Table 3 Components of the trace element solution after Whittenbury et al., 1970a.

Concentration in

Component stock solution (1000x) Final concentration (1x)

37% HCI 50 mM 50 pM

FeCl,x 4 H,O 5mM 5uM

ZnCl, 0.50 mM 0.50 uM

MnCl, x 2 H,0O 0.50 mM 0.50 uM

CoCl, x 6 H,O 0.50 mM 0.50 um

Na,MoO, x 2 H,O 0.15 mM 0.15 uyMm

H3BO3 0.10 mM 0.10 um

NiCl, x 6 H,O 0.10 mM 0.10 pMm

CuCl, x 2 H,O 0.01 mM 0.01 pMm

2.2.2. Substrate solutions for incubations concentrating on

methane

Filter-sterilized 50 mM and 250 mM stock solutions of each alternative substrate were
prepared. Alternative substrates were acetate (as sodium acetate), cellobiose, D-xylose,
methanol, methylamine, n-dodecan, vanillic acid (4-Hydroxy-3-methoxybenzoic acid), and
guaiacol (2-methoxyphenaol).
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Vanillic acid was only soluble at an alkaline pH. Thus, filter-steriized NaOH was
supplemented stepwise to the stock solution till crystalline vanillic acid was solved.

A O B
JJ\ Hc/\/\/\/\/\/CHa
HsC™ ~0° :
C H D o. _OH
H—C—OH QCHs
F|1 OH
H CH
Hebn o ?
N OH
H H
E OH
o m”" -
HO OH
oL T e :
2, OH (0]
HO  OH
OH

Figure 16 Compounds tested as putative alternative substrates for ambient methane-
utilisers.

The alternative substrates tested were grouped into five differecovatéugaitoxylic acifEcetate, A

alkane (ndodecaneB, C1 compouad(methanol & methylam@@)e aromatic compounds (vanillic acid &

guaiacolD, andsugars (xylose & cellohigse

Filter-sterilized 250 mM stock solutions of acetate (as sodium acetate) and vanillic acid (4-
Hydroxy-3-methoxybenzoic acid) were used to obtain substrate solutions that were applied to
coarse-grained soil by spraying in order to analyse the methane degradation potential of
fresh forest soil under changed substrate availabilities (see 2.3.2). In total three different
concentrated solutions were prepared to obtain the required final concentrations (i.e., 0.5
mM, 2.5 mM, 5 mM) by supplementing 1 mL substrate solution.

2.2.3. [*C,]-Substrates for SIP incubations concentrating on

methanol

For the alternative substrate SIP experiment (see 2.3.3) and pH shift SIP experiment (see
2.3.4) stock solutions had a concentration of 40 mM. Stock solutions of methanol and multi-
carbon substrates (i.e., acetate, glucose, xylose and vanillic acid) were prepared with either

the [**C]-isotopologue ( 6| abel | ed 6, 9 9'%Ci-isompsologte) (leod u rtlhaeb e[l | ed d
natural abundance of **C). All multi-carbon substrate stock solutions also included 40 mM
[*2C]-methanol. All *C-isotopologues were fully labelled (i.e., [**C,]), excepting vanillic acid,
where only the aromatic ring carbon was [**C]-labelled (i.e., [*°*C1.¢]), methyl and carboxyl
groups possessed [**C]-carbon. For CO, incubations either gaseous [°C]-CO, ( 6 | abel | ed d

99atom% C; <3atom% 20) or [**C]-CO, was used. [**C]-isotopologues were purchased from
Campro Scientific (Berlin, Germany) and Sigma-Aldrich (Steinheim, Germany), [**C]-
isotopologues were purchased from Roth (Karlsruhe, Germany), Sigma-Aldrich (Steinheim,
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Germany), PanReac Applichem (Darmstadt, Germany), Merck (Darmstadt, Germany) and
Riel3ner (Lichtenfels, Germany).

For the methanol/chloromethane SIP experiment (see 2.3.10) the stock solution of methanol
was 216 mM, but was prepared as the methanol stock solutions of the other SIP
experiments.

A (0] B
P oH
HyC™ ~0°
c
O _OH HO
OH HO

Figure 17 Compounds tested as putative multi-carbon substrates for methanol-utilisers
in the substrate SIP experiment.

The mulBarbon substrates tested were grouped into three different categocebaxyleriagidscetate,
A) sugars (glucose & xylose, B), and aromatic compounds (vanilil ‘ECidso®)peof the usedC
isotopologuase highligeéd in red.

2.2.4. KCN solutions

For all incubations were KCN (Sigma-Aldrich, Steinheim, Germany) was applied appropriate
stock solutions were prepared in order to obtain the required final concentrations (i.e., 20
mM) by supplementing 0.5 mL KCN stock solution.

2.2.5. Toluene solutions

For all incubationswher e t ol uene ( p u rAldtich, S®i8heim,GEmand ivas ma
applied, appropriate stock solutions were prepared in order to obtain the required final
concentrations (i.e., 0.2 pM, 1 uM, and 50 pM or 0.5 pM) by supplementing 0.5 mL toluene
stock solution. Stock solutions were obtained by preparing a 1 M solution that was diluted
accordingly.

2.2.6. Solutions for DNA SIP

The DNA SIP was performed according to the protocol of Neufeld et al., 2007. The CsCl
solution was prepared by dissolving CsCl salt in ddH,O to obtain a final concentration of
approximately 8 M. After autoclaving the density of the solution was determined by weighing
at 20°C. Typically, the density of the CsCl solution ranged between 1.72 to 1.90 g ml™. The
gradient buffer was prepared by mixing 100 mM Tris, 100 mM KCl and 1mM EDTA. The pH
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was adjusted to pH 8 and after autoclaving the density of the solution was determined by
weighing at 20°C. Typically, the density of the gradient buffer was about 1.00 g mlI™.

Table 4 Composition of the gradient buffer used for DNA SIP.

each stock solution gradient buffer
Component
Composition Final concentr. Component Final concentr.
3.03 g Tris .
. 20 ml Tris
Tris 50 ml ddH,0 500 mM 100 mM
(500mM)
(pH 7.8)
1.49 g KCI 20 ml KCL
KCI 1M 100 mM
20 ml ddH,0 (500mM)
a 0.291¢g 10 ml EDTA
EDTA 100 mM 1mM
10 ml ddH,0 (100 mM)
up to 100 ml
(pH 8)

aalkaline pH necessary to dissolve EDTA (supplementation of NaOH)

The gradient solution with a defined buoyant density was prepared by mixing a CsCl solution

with gradient buffer. Since the buoyant density of the gradient solution is crucial for the
successful separat i on,iowasnédessaywoadjusathedensity usigght 6 DN/
Equation 1.

Equation 1 Density adjustment of the gradient buffer used for separation of DNA.

@, volume of the solution (CsCl soartgnadient bufejml]
", density of the soluf{@sCI soluticror gradient bufiiejg miL]
@ , volume of the gradient solution [ml]

", density of the gradient solutiorl]g ml

", required density for separation of BNA’B2 g rl)

anecessary if the density is lower than required (< 4.y32 g ml
bnecessary if the density was higher than required (>-1)732 g ml

The O6overlaying solutiondé used duringgfmflacti on:
coomassie brilliant blue in sterile ddH,O (5 g mI™*) and was stored at room temperature.

The PEG solution necessary to precipitate fractionated DNA was prepared by mixing 150 g
of PEG 6000 (polyethylene glycol) with 46.8 g NacCl in a total volume of 500 ml ddH20. The
solution was filter-sterilized and autoclaved. The solution is 30% PEG 6000 and 1.6 M NaCl.
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2.2.7. Cloning (SOC and LB agar plates)

For the SOC-medium, prepared after Green & Sambrook, 2012 and used during cloning (see
2.5.10), 2 g tryptone, 0.5 g yeast extract, 1 ml NaCl solution (1 M), and 0.25 ml KCI solution
(2 M) were mixed with approximately 95 ml ddH,O and autoclaved. Subsequently, sterile
filtered 1 ml MgCl, solution (2 M) and 1 ml glucose solutions (2 M) were added, the pH was
adjusted to pH 7 (using sterile filtered solutions), the volume was filled up to 100 ml and the
SOC-medium was stored frozen at -20°C until further use.

For the LB (lysogeny broth) agar plates with ampicillin after Green & Sambrook, 2012 used
during cloning (see 2.5.10) 10 g tryptone, 5 g yeast extract, 5 g NaCl, and 15 g agar were
mixed with 980 mL ddH,0, the pH was adjusted to pH 7, the volume was filled up to 1 L, and
the medium was autoclaved. 1 ml of filter-sterilized ampicillin solution (100 mg ml™*) was
added to the medium after cooling down to 60°C. The medium was poured into sterile plastic
Petri dishes. LB agar plates were stored at 4°C for maximal 7 days.

2.3. Incubations and microcosm experiments

In general three different C1 compounds were addressed in this thesis: methane, methanol
and chloromethane. Needles to say, that all performed incubations are somehow overlapping
in terms of methylotrophs, since methanotrophs are also able to utilise methanol for example.
However, for better understandings of the main intensions of the different experiments, all
incubations and microcosm experiments are grouped to the C1 compound that was mainly
addressed in the individual experiments. Additionally, the thesis was concentrating on a
forest soil, but also addressed other environments (other soils and aquatic environments) in
side experiments in order to gain a more global reflection on methylotrophic microorganisms.

Addressed C1 compound Main intension

Assessing alternative substrates of methanotrophic

Methane i .
microorganisms

Assessing alternative substrates of methanol-utilising

Methanol _ .
methylotrophic microorganisms

CH;Cl degradation studies and assessing a congruence

Chloromethane » N
of CH;Cl-utilisers and methanol-utilisers

All experiments were conducted with fresh samples. Roots, dead wood, stones, plant debris,
beechnuts and acorns were manually removed from soil samples before further preparation.
In the case of the forest soil samples, fresh soil of different sampling points (see 2.1.1) was
sieved (mesh size 2 mm) and equally pooled to further prepare the soil slurries. Most
incubations were conducted as soil slurries (see 2.3.1, 2.3.3, 2.3.4, and 2.3.5) to achieve a
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homogenous environment that provides a sufficient distribution of supplemented substrates
as well as a balanced distribution of microorganisms (i.e., no formation of microscale hot-
spots).

2.3.1. Long-term incubation under mixed substrate conditions

with methane and alternative substrates

Migh-affinityd met hanotrophs are able to oxidis,éutmet han
these low concentrations might be too low to maintain cell metabolism only by methane

oxidation [Degelmann et al., 2010] . Therefore it high-gffinityd be co
methanotrophs are utilising other substrates than methane and thus, exhibit a broader

substrate spectrum than previously assumed. In soil environments the simultaneously

availability of methane and other substrates might affect the methane oxidation in an

inhibitory or stimulating manner. Thus, the impact of alternative substrates on the methane

degradation and the abundance of methanotrophs might provide first hints to putative

alternative substrates.

I n or der higheaffiltydr intelt héa n ot r ogoicentratond of sublstoates were
supplemented to soil slurry treatments of forest soil over a long incubation period, since low
methane concentrations might delay cell growth. Soil slurries consisted of forest soil from 5
different sampling points reflecting the general characteristics of the total sampling area (see
2.1.1). For each sampling point 1.4 kg of sieved soil was equally mixed resulting in a total of
7 kg sieved soil. The sieved soil was mixed with 7 | sterile water in 5 | glass flasks (DURAN)
and the preliminary slurry was mixed for 3 h on a shaker at 5°C in the dark. Subsequently
250 ml of slurry was filled in sterile screw-capped natural-rubber-stopped 1L flask
(Glasgeratebau Ochs, Bovenden, Germany; Miller + Krempel, Bllach, Switzerland). In total
27 1L flasks containing soil slurry were prepared (Figure 18). Methane was weekly
supplemented in the headspace to a final concentration of 200 ppm. Alternative substrates
(i.e., acetate, sugars, n-alkanes, methanol, methylamine, aromatic compounds; 0.5 ml of a
50 mM stock solution, see 2.2.2) were weekly supplemented to a final concentration of 100
UM over 14 weeks of incubation (15x 100 pM supplemented). Since after 14 weeks of
incubation no clear impact of alternative substrates on methanotrophs was obvious (see 3.2),
the concentration of the weekly pulsed supplemented alternative substrates was raised per
pulse to 500 uM (5x 500 uM supplemented; 0.5 ml of a 250 mM stock solution, see 2.2.2).
The long-term incubation was finished after 18 weeks of incubation.

All soil slurry incubations were performed in triplicates for each approach (controls and
alternative substrate treatments) on a horizontal shaker (Gallenkamp Orbital Incubator INR-
401, London, UK) at 200 rpm at 20°C in the dark. Oxic conditions were offered by a large gas
phase inside the flasks (i.e., ration slurry to gas phase was 1:4) and by weekly opening
allowing acclimatising before re-sealing. CO, and O, concentrations were measured before
the weekly re-opening of the flasks and CH, was measured before re-opening and after
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repeated supplementation. Several slurry aliquots (0.5 ml - 1 ml each) for analytical and
molecular analysis (see 2.4, 2.5.8) were taken before and after supplementation and were
kept at -20°C or -80°C, respectively. In addition, pH was monitored to prevent an impact of
shifted pH conditions.

- - - e —\
Long-term incubation under mixed substrate conditions (see 2.3.1)
Methanotrophic Mixed substrate E 3
conditions conditions 51E3
Q|
0 |O
cﬁ“,,xe c‘\ oac‘ cY\ \ov\ u%“ c,"”m\” o‘“ oo o‘*\\\\f' c‘* P — &
z 8
Y
Ll =1
i 1D
Ar
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Methane degradation after mlxed substrate incubations
after 14 weeks f m after 18 weeks
(100 pM substrate pulses per week) (500 uM substrate pulses per week)
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(see 2.3.1.1) (see 2.3.1.2)
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Figure 18 Experimental set-up of the long-term incubations under methanotrophic and
mixed substrate conditions (see 2.3.1) and following experiments (see 2.3.1.1, 2.3.1.2).

Soil slurries were plgmented with £&hd alternative substraies, §cetate, -alkanes, cellobiose, xylose,

methylamine, methanol, vanillic acid, and guaiach} seerder to obtain methanotrophic (grey box) or mixed
substrate conditions (orange box). Incubated slurry aliqguots were evaluated for their methane degradation potenti
after the incubation and under different conditions.

2.3.1.1. Methane degradation potential after mixed substrate incubation
under solely methanotrophic conditions

| f thigheaffiniéy6 met hanotr ophs rmethgotrophe cand ttiise iother | y
substrates, it is conceivable that the long-term incubation had an effect on these
methanotrophs and the resulting methane degradation potential.

In order to analyse the impact of alternative substrates on the methane degradation during
the long-term incubation under mixed substrate conditions (see 2.3.1) 15 ml slurry were
taken from one replicate of each treatment (Figure 18). Slurry aliquots were taken after 14
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weeks of incubation and were filled in sterile screw-capped natural-rubber-stopped 125 mL
flask (Glasgeratebau Ochs, Bovenden, Germany; Muller + Krempel, Bllach, Switzerland).
Solely methane was supplemented to a final concentration of 20 ppm to the gas phase
(consisting of sterile air) and the methane degradation was monitored. No further substrates
were supplemented. Thus, aliquots were kept solely under methanotrophic conditions (Figure
18). Between the different measurement time points treatments were kept on an end-over-
end shaker at 20°C in the dark.

2.3.1.2. Methane degradation potential after mixed substrate incubation

under methanotrophic and mixed substrate conditions

Since the co-presence of different substrates might lead to a co-consumption of substrates or
even a preferred consumption of the alternative substrate, the methane degradation might be
highly influenced by this co-presence. In order to analyse immediate changes in the methane
degradation between methanotrophic and mixed substrate conditions slurry aliquots of the
long-term incubation under mixed substrate conditions (see 2.3.1) were taken after 18
weeks. Samples were taken from each replicate (i.e., 3x 8 different substrate treatments and
3 controls) of each treatment (Figure 18). 15 ml of slurry aliquots were filled in sterile screw-
capped natural-rubber-stopped 125 mL flask (Glasgeratebau Ochs, Bovenden, Germany;
Muller + Krempel, Bllach, Switzerland). Solely methane was supplemented to the gas phase
to a final concentration of 20 ppm and thus, methane degradation was evaluated under
strictly methanotrophic conditions (Figure 18). After one week 500 uM of the corresponding
alternative substrates were supplemented to the existing slurry approaches, changing
methanotrophic conditions to mixed substrate conditions (Figure 18). The methane
degradation was now evaluated under changed substrate availabilities for one week and
both methane degradation potentials under strictly methanotrophic and mixed substrate
conditions were subsequently compared.

2.3.2. Methane degradation potential of fresh forest soil under

changed substrate availabilities

The results of the long-term incubation were not clear in terms of the impact of alternative
substrates on methanotrophic activity (see 3.2.1 - 3.2.4). In addition, the incubation manner
as soil slurry appeared as inhibitory in terms of the methane degradation even on control
treatments (i.e., solely methanotrophic conditions) (see 3.1). Regrettably, such an inhibitory
effect on the methane degradation was previously mentioned by Pratscher and colleagues
[Pratscher et al., 2011]. For that reason the effect of two selected alternative substrates on
the methane degradation in fresh soil without long-term incubation was analysed (Figure 19).

Soil was taken from 5 different sampling points and crushed manually to obtain coarse-
grained soil. Equal amounts of soil were mixed and each replicate was set-up with 20 g of
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fresh solil in sterile screw-capped natural-rubber-stopped 125 mL flask (Glasgeratebau Ochs,
Bovenden, Germany; Miuller + Krempel, Bllach, Switzerland). The experiment on methane
degradation comprised in total 18 replicates. Each soil approach was performed in triplicates
with 3 different substrate concentrations tested (i.e., 0.5 mM, 2.5 mM and 5 mM) resulting in
9 replicates per alternative substrate (i.e., acetate or vanillic acid) (Figure 19). The first time
point of methane degradation was always measured 30 min after the supplementation of
substrate(s) (i.e., methane or alternative substrates) and was recorded hourly. Before each
supplementation the flasks were opened allowing the gas phase to acclimatise before re-
sealing. Between the different measurement days the flasks were kept in the dark at 20°C.

day 1 ﬁ day 2 ﬁ day 3

Methanotrophic Mixed substrate Methanotrophic
conditions conditions conditions
Acetate or
Vanillic acid

CH, concentration

Figure 19 Experimental set-up to evaluate the methane degradation potential under
changed substrate availabilities of fresh soil.

Fre$ soil was coargemined and methane degradation was successively evaluated under changed substrate
conditions.€.,methanotrophic or mixed substrate conditions) in the same treatments. Day 1: Methane degradation
under methanotrophic conditions (e nathane degradation). Day 2: Methane degradation under mixed
substrate conditions (= immediately impact of alternative substrates). The alternative substrates were supplemente
in different concentrations. Day 3: Methane degradation under metbiaditivophis delayed impact of

alternative substrates).

The methane degradation potential was evaluated in three approaches. At the first day solely
methane was supplemented in the gas phase to a concentration of 30 ppm in order to
determine the native methane degradation of each replicate. At the second day methane (30
ppm) and the alternative substrates were supplemented. The alternative substrates were
supplemented by spraying. The corresponding stock solutions revealed different
concentrations in order to supplement the same volume to each replicate (see 2.2.2). After
each spray the flasks were vigorously turned by hand in order to moisten soil particles and
the flask wall more effective. In total 5 sprays were supplemented per replicate
corresponding to a volume of 1 ml supplemented. At the third day again solely methane was
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supplemented in the gas phase to a concentration of 30 ppm. For an overview on the
experimental set-up see Figure 19.

Moreover, for each alternative substrate and each concentration additional replicates (in total
6) were conducted to evaluate the potential of methanogenesis. These approaches were
handled in the same manner as the other replicates with the exception that only the
alternative substrates were supplemented at the second day of measurements (methane
was never supplemented).

2.3.3.  Oxic soil slurry incubations of the substrate SIP

experiment under mixed substrate conditions

Most soil-derived methylotrophic microorganisms are facultatively methylotrophic organisms
utilising also multi-carbon compounds [Kolb, 2009a]. The majority of methylotrophs possess
Cl-pathways that covers methanol 7 as initial substrate or as intermediate (e.g.
methanotrophs) [Anthony, 1982]. Thus, the majority of methylotrophs are methanol-utilising.
The co-consumption of methanol and multi-carbon substrates is already known [McNerny &
Ob6 ConnorPReyradu®et 4., 2012; Nayak et al., 2014], but most studies on the substrate
range of methylotrophs are conducted mainly with model organisms such as
Methylobacterium extorquens AM1, and as comparison studies between methylotrophic (only
Cl compounds supplemented) and multi-carbotrophic (only multi-carbon compounds
supplemented) conditions [Bosch et al., 2008; Skovran et al., 2010; Smejkalova et al., 2010;
Peyraud et al., 2011]. An advantage of the experimental design of the substrate SIP
experiment was the simultaneously supplementation of C1 compounds and alternative
substrates that might provide insights into the consumption habits of methylotrophs.

For each sampling point (5 points in total) 500 g soil was sieved and equally mixed resulting
in a total of 265 035 saj slusriesewere dreparedi Hach soil slurryt veas
prepared individually by mixing 50 g sieved soil (mesh size 2 mm, fresh weight) with 40 ml
trace element solution (see 2.2.1). All slurries were initially homogenised by hand shaking.
Soil slurry incubations were performed in duplicates for each approach (controls, *?C- or *C-
isotopologue supplemented treatments) in sterile screw-capped natural-rubber-stopped 0.5 L
flask (Glasgeratebau Ochs, Bovenden, Germany; Miller + Krempel, Bilach, Switzerland) on
an end-over-end shaker at 20°C in the dark. Substrates (i.e., methanol, acetate, sugars; 1
ml) and CH, were supplemented daily to a final concentration of 1 mM and 200 ppm,
respectively. Vanillic acid was supplemented, if it was no longer detectable, to a final
concentration of 1 mM. For an overview on the experimental set-up see Figure 20.

The time points for molecular analyses of each substrate differed and were based on the
time points of *CO,, i.e., when a comparable similar amount of **CO, was formed. Thus, the
time points for molecular analyses were conducted after different amounts of substrate
pulses, i.e., methanol after 18 pulses (I 18 mM), acetate after 12 pulses (I 12 mM), glucose
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after 12 pulses (I 12 mM), xylose after 10 pulses (I 10 mM), and vanillic acid after 5 pulses
(I 5mM).

Unsupplemented Supplemented
= physiological . c
controls =SIP incubations
Methylotrophic -“'ﬂ :jC detectable:
conditions Cc mﬂ:Fll}aHOI-
utilizers
Z
lmm' + :jg Acetate
el
()
|@m‘[| +C Glucose detectable:
control 1*C alternative
Mixed substrate ~ substrates
”" — L 12,
conditions m Cc of methanol-
l (||1| " 13C Xylose utilizers
ke ] Cueor 1) + 1€ vanitic Aca
KCN-control ot
([ weon 1) +'C co, |
c detectable:
possible
CO,cross
CcO L 12¢ 2Cf
conditions l‘(ﬂ' * 13¢ co, feeding
\ J
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molecular analyses with marker genes

such as 16S rRNA, ITS, mxaF
(see 2.5, 2.5.7, 2.5.12)

Figure 20 Experimental set-up of the Substrate SIP experiments.

Different SIP incubations supplement&g-witkfC-isotopologuegere set up under methylotraghjsdlely

methanol supplementbllie bgxor mixedubstratei.¢., methanol and alternative substrate supplemented
orange boxgsconditions. Incubations undercG@litions served as cross feeding céntegyisboxes)
Unsupplemented incubations served as physiological controls (forgha®RirduG&tions were further
molecular analysede(8¢e5 2.5.72.5.12 All incubations were supplemented with methane in the headspace (not
shown).

Unsupplemented control slurry incubations served as methanol control treatments and
lacked any substrate treatment besides CH,. The additional supplemented aqueous volume
per substrate pulse in substrate treatments (i.e., 1 ml) was compensated by the
supplementation of the same volume of trace element solution (i.e., 1 ml) to the control.
Since multi-carbon substrate treatments were additionally supplemented with methanol (1
mM, final concentration), methanol treatments served as substrate control treatments. CO,
incubations were supplemented with 10% CO, in the headspace (approx. 7 mM total
amount) and opened if the O, concentration was below 10%. The purpose of CO, treatments
was (i) to analyse cross feeding effects and (ii) to address potential CO,-assimilating taxa as
well.
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An oxic atmosphere was offered by a large gas phase inside the flasks (i.e., the ratio of gas
phase to slurry volume was 12:1) and by daily opening allowing acclimatising before re-
sealing. CO, and O, concentrations were measured before each re-opening and CH; was
measured before re-opening and after repeated CH, supplementation. In addition, before
each substrate supplementation 5 ml of the gas phases of the [**C]-isotopologue treatments
(i.e., [°C4]-methanol and [**C,]-substrates) were stored in 3 ml exetainer vials (Labco Ltd.,
High Wycombe, England) for subsequent analysis of **CO, formation (see 2.4.4).

Several slurry aliquots (0.5 ml - 1 ml each) for analytical and molecular analyses (see 2.4,
2.5.6, 2.5.11, 2.5.12.2) were taken before and after supplementation and were kept at -20°C
or -80°C, respectively. The pH was immediately determined in order to adjust the pH.

2.3.4. Oxic soil slurry incubations of the pH shift SIP experiment

under methylotrophic conditions

The investigated soil was determined as acidic with a soil pH around 3.5 to 4. Most
methylotrophic isolates are known to possess growth optima at a more neutral pH, but also
acidophilic and acidotolerant methylotrophs are known [Kolb, 2009a]. Thus, pH is
undisputable an ecological niche-defining parameter for soil methylotrophs. In addition, soil is
not homogeneous and thus, microscale areas exist with different conditions such as elevated
pH values. For example, within 2 mm of soil the pH can differ up to one pH unit [Alldredge &
Cohen, 1987; Or et al., 2007]. Thus, the impulse to conduct the pH shift SIP experiment was
to address if/how the indigenous methanol-utilisers might be affected to elevated pH values.

The pH shift SIP experiment was conducted according to the substrate SIP experiment (see
2.3.3) in order to maintain comparability. However, only methanol was supplemented as *?C-
or **C-isotopologue and the headspace was not supplemented with CH, in order to evaluate
and compare the impact of CH, on the methylotrophic organisms in the soil. For an overview
on the experimental set-up see Figure 21.

Two different slurry preparations were conducted in accordance with pH conditions. For each
sampling point (5 points in total) 150 g soil was sieved and equally mixed resulting in a total
of 750 g sieved soil. In total 12 soil slurries were prepared i 6 soil slurries with the in situ pH
(pH 4) and 6 slurries with an elevated pH (pH 7).

Each soil slurry of the treatment with in situ pH was prepared individually by mixing 50 g
sieved soil with 40 ml trace element solution (see 2.2.1) in sterile screw-capped natural-
rubber-stopped 0.5 L flask (Glasgeratebau Ochs, Bovenden, Germany; Miller + Krempel,
Bulach, Switzerland). All slurries were initially homogenised by hand shaking.

Adjustment of pH was necessary for elevated pH treatments. Thus, 300 g freshly sieved soll
was mixed with 240 ml trace element solution (see 2.2.1) in a beaker and mixed using a
magnetic stirrer till the slurry was homogenous. The pH was adjusted to 7 (6.8) with filter-
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sterilized NaOH (10 M and 0.5 M) and mixed till the pH remained constant. 90 ml of pH
adjusted slurry were filled into sterile screw-capped natural-rubber-stopped 0.5 L flask
(Glasgeratebau Ochs, Bovenden, Germany; Muller + Krempel, Bllach, Switzerland).

[*2C]- or [**C,]-methanol was supplemented daily to a final concentration of 1 mM per pulse
corresponding to substrate SIP experiments (see 2.3.3). Unsupplemented control slurry
incubations for each pH approach were added with the same volume of trace element
solution (1 ml). Soil slurry incubations were performed in duplicates for each approach
(controls, *2C- or **C- isotopologue treatment; pH 4 and pH 7) on an end-over-end shaker at
20°C in the dark.

SIP incubation SIP incubation

Methylotrophic Methylotrophic

conditions conditions

e W)

Uﬂﬂ Uﬁ] (N (.

control +'2C Methanol control +'2C Methanol
13(: 13(:
\ J
Y

molecular analyses with marker genes

such as 16S rRNA, ITS, mxaF
(see 2.5, 2.5.7)

&

comparison with substrate SIP experiment
(see 2.3.3)

Figure 21 Experimental set-up of the ph shifted SIP experiments.

Two SIP incubations supplementetP@vithr [13C-methanol were set up undesitu(orange framend
elevated pkfyreen framepnditions. SIP incubations were fundhexular analysed @&e2.5.72.5.12 The

pH shift SIP experiment was in accordance to the substrate SIRseg2eBiPentth the exception that no
methane was supplemented.

An oxic atmosphere was offered by a large gas phase inside the flasks (i.e., the ratio of gas
phase to slurry volume was 12:1) and by daily opening allowing acclimatising before re-
sealing. CO, and O, concentrations were measured before each re-opening. In addition,
before each substrate supplementation 5 ml of the gas phases of the [**C,]-methanol
treatments were stored in 3 ml exetainer vials (Labco Ltd., High Wycombe, England) for
subsequent analysis of **CO, formation (see 2.4.4).

Several slurry aliquots (0.5 ml - 1 ml each) for analytical and molecular analyses (see 2.4,
2.5.6, 2.5.12.2, 2.5.8) were taken before and after supplementation and were kept at -20°C
or -80°C, respectively. The pH was immediately determined in order to adjust the pH if
necessary.

2.3.5. Oxic soil slurry incubations of different soil environments

to assess the abundance of methylotrophs

The main focus of the work was on forest soils, but methylotrophic microorganisms were
shown to be ubiquitous and playing a crucial role in global C1-metabolism of volatile organic
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compounds such as methane and methanol [King, 1992; Kolb, 2009a; Chistoserdova &
Lidstrom, 2013]. Since most methylotrophic organisms use methanol [Lidstrom, 2006;
Chistoserdova et al., 2009; Kolb, 2009a], and different soils were already shown to exhibited
specific affinities to methanol [Stacheter et al., 2013], the in situ abundance and the impact of
enhanced methanol concentrations and availabilities on methylotrophs in different terrestrial
environments covering forest-related and meadow-related sides was assessed. In order to
cover a wide range of soil samples from different ecosystem types the vegetation was also
considered.

In total 8 different soil environments were analysed in terms of methylotrophic abundances in
these environments (see 2.1.2). Of each environment soil was sieved (mesh size 2 mm) and
soil slurries were prepared by mixing 15 g soil with 5 ml of trace element solution (see 2.2.1)
in sterile screw-capped natural-rubber-stopped 125 mL flask (Glasgeratebau Ochs,
Bovenden, Germany; Miller + Krempel, Bilach, Switzerland). All soil slurry incubations were
performed in duplicates for each approach on an end-over-end shaker at 20°C in the dark.
Methanol was supplemented 4 times as a 1 ml pulse of 5 mM (final concentration) resulting
in a total amount of 20 mM methanol over the incubation time of 20 days. Methanol was
supplemented at the beginning and at the days 7, 12, and 16. Oxic conditions were offered
by a large gas phase inside the flasks (i.e., the ratio of gas phase to slurry volume was 12:1)
and by opening the flasks at the time points of pulsing allowing acclimatising before re-
sealing. CO, and O, concentrations were monitored by GC just before the methanol pulsing.

Soil aliquots (0.5 ml - 1 ml each) for molecular analyses (see 2.5, 2.5.8) were taken at the
beginning and at end of the experiment of each individual replicate. The pH was monitored at
the time points of pulsing.

2.3.6. Chloromethane degradation in different forest-derived

compartments

Apart from the most prominent C1 compounds, i.e., methane and methanol, also
halogenated hydrocarbon compound such as halomethanes can be utilised as sole source of
energy and carbon by several methylotrophic microorganisms [McDonald et al., 2002; Miller
et al., 2004; Schéfer et al., 2007; Kolb, 2009a]. The source of chloromethane is mainly of
natural origin including terrestrial and marine environments [Schéafer et al., 2007], wherefore
this great amount and diversity of natural sources might indicate a ubiquity of
microorganisms capable of utilising these halogenated methanes. In addition, the role of
forest soils as a biological sink of CH3Cl is undisputed [Harper, 2000].

Leaves (= phyllosphere) produce CH3;Cl as a side reaction involved in plant defence
mechanisms [Rhew et al., 2003; Nagatoshi & Nakamura, 2007] and in decomposed plant
material CH;Cl is formed during demethylation processes of pectin [Hamilton et al., 2003].
During fungal wood degradation CH3Cl is formed in methylation processes during the
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decomposition of aromatic structures derived from lignin [Keppler et al., 2000]. Soil layers
that are rich in organic matter (i.e., humus) might be another important source of CH;Cl by
the formation of CHsCI in abiotic reactions such as redox or substitution [Harper, 2000;
Keppler et al., 2000]. Although all these forest-related sources of CHsCl are known, it is not
resolved yet which forest compartment might reveal the highest CH;Cl degradation potential.

In total 5 different forest-derived compartments were analysed and samples were taken from
di fferent pl aces coSteinktetzé (ses 2.1rlp. ISoiltdayiveda sarapdes were
taken from the organic layer soil (uppermost 5 to 10 cm, dark brown to blackish indicative for
humic substances) and the subjacent mineral soil (maximal depth of 30 cm, grayish in colour
and no visual evidenced for humic substances). Plant-derived samples were taken from the
litter layer, fresh leaves and dead wood. Only litter that revealed no visual decomposition
was taken directly from the soil surface. For samples of fresh leaves several branches of
beeches (Fagus sylvatica) were cut from trees, put in water to keep leaves alive and were
transferred to the laboratory. Just before incubation experiments the leaves were picked. The
dead wood samples derived from branches or trunks of beeches (Fagus sylvatica) and
revealed a partially spongy structure assuming beginning decomposition.

Soil-derived Plant-derived

Organic Mineral Leaves Litter Dead
soil layer soil wood

Degradation
+ CH,CI \

= Determination
of CH,CI

Formation
- by GC

Control =

+CH,CI
+KCN

Figure 22 Experimental set-up to evaluate the chloromethane degradation potential of
different forest-derived compartments.

Samples were derived from differencéongstrtments of the same forese (bdeFigureld. From each
compartment thrddferent approaches wereugeds duplicates in order to evaluated stbled€gtradation

potenti al (6degraCHEt i endpgenbespygt ¢vfoamatslohd) m

degradation (6control 8).
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5 g of coarse-grained soll, litter, and wood as well as 25 fresh leaves were transferred into
sterile screw-capped natural-rubber-stopped 125 mL flask (Glasgeratebau Ochs, Bovenden,
Germany; Miller + Krempel, Bllach, Switzerland). For an overview on the experimental set-
up see Figure 22. The biological control approaches were supplemented with KCN (final
concentration 20 mM) and flasks were sealed and flushed with synthetic air (Rie3ner Gase
GmbH, Deutschland). The KCN controls and the approaches to evaluate CH;Cl degradation
were supplemented with CH;Cl to a final concentration of 100 ppb. All incubations were set-
up as duplicates at 20°C. In total, eight 5 ml gas samples were taken over 180 minutes and
stored in 3 ml exetainer vials (Labco Ltd., High Wycombe, England) for the subsequent
analysis of CH3Cl by GC (see 2.4.3).

2.3.7. Chloromethane degradation in forest soil

The atmospheric concentration of CH3Cl is only 600 ppt, but isolates growing on CH;CI were
isolated with much higher concentrations (%-range) [Doronina et al., 1996; Borodina et al.,
2005]. Thus, the capacity of forest soil to degrade low and high amounts of CH;Cl was
evaluated. In addition, observations of these degradation analyses were pre-experiments of
the methanol/chloromethane SIP experiment (see 2.3.10).

Forest soil samples (i.e., uppermost soil) were taken from different places, manually crushed
and equally mixed. 50 g of coarse-grained soil were filled in sterile screw-capped natural-
rubber-stopped 500 mL flask (Glasgeratebau Ochs, Bovenden, Germany; Miller + Krempel,
Bulach, Switzerland) and supplemented with CH3Cl to a final concentration of 100 ppb and
1%, respectively. The approaches with 100 ppb CH;CI were conducted in duplicates (at two
consecutive days); the approach with 1 % CHs;Cl was conducted as one replicate.
Additionally, one flask was free of soil and only supplemented with 1 % CH;Cl in order to
evaluate previously observed losses of CH3Cl in incubation flask without soil (data not shown
and not further discussed, flasks were gas tight). All replicates were supplemented with
additional air to obtain overpressure in the flasks allowing gas sampling.

The CHsCl concentration in the approaches with 100 ppb was measured during the
incubation every 15 min - 30 min over 180 min and 285 min, respectively. For the approach
with 1 % CHsCI the degradation was evaluated in 4 consecutive cycles depending on CHCI
consumption over several days (i.e., 1% cycle over 16 days, 2™ cycle over 6 days, and 3™
and 4™ cycle over 3 days). The 2™, 3™ and 4™ cycle started only several hours after the
previous cycle. Before each cycle the gas atmosphere was exchanged by opening the flask
and CH;Cl was again supplemented. Since the CH;Cl degradation was highly increased (see
3.9) the 4™ cycle was closely sampled and each 5 ml gas samples had to be stored in 3 ml
exetainer vials (Labco Ltd., High Wycombe, England) for the subsequent analysis of CHsCI
by GC (see 2.4.3).
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2.3.8. Inhibitory effects of toluene on the chloromethane

degradation in forest soil

CH;Cl-utilisers were not only isolated from pristine environments [McAnulla et al., 2001a;
Schéfer et al.,, 2005; Nadalig et al., 2011]. The first isolated CHsCl-utilising bacteria were
derived from petrochemical sides, where contaminated soil is assumed [Hartmanns et al.,
1986; Doronina et al., 1996]. Aromatic compounds, such as benzene, toluene, ethylbenzene
and xylene (BTEX), are associated with the petrolchemical industry; but they are also
associated with natural gases and crude oil [Deeb et al., 2001]. An inhibitory effect of toluene
on the CH3Br and CHsCI degradation in marine water samples was reported by Goodwin and
colleagues and a widespread inhibitory effect was assumed [Goodwin et al., 2005]. Since the
authors focussed on seawater, the effect of toluene in terrestrial environments was unsolved.

Forest soil samples (i.e., uppermost soil) were taken from different places, sieved and
equally mixed. 10 g of sieved soil were filled in sterile butyl-rubber-stopped aluminium crimp-
sealed 120 mL serum flask (Glasgeratebau Ochs, Bovenden, Germany; Muller + Krempel,
Bulach, Switzerland). Before sealing, the approaches for toluene inhibition were
supplemented with toluene solutions to 3 different final concentrations of 0.2 uyM, 1 yM and
50 uM (in each case 1 ml of toluene solution). Samples were left to settle for 45 minutes.
Subsequently CH3;Cl was supplemented to a final concentration of 100 ppb and 1 9%,
respectively.

low CH,CI concentrations (100ppb) high CH,CI concentrations (1%)

+CH,Cl  +CH,Cl +CH,Cl +CH,CI +CH,Cl  +CH,Cl +CH,Cl +CH,CI

+0.2pM | +1 pM || + 50 pM +02puM || +1pM || +50 pM
toluene || toluene || toluene toluene | | toluene || toluene

AN J
Y

measurement of CH,CI degradation by GC

Figure 23 Experimental set-up to evaluate inhibitory effects of toluene to CH;CI
degradation in a forest soil.

Sieved forest soil was supplemeitit@dlifferent Gi8l concentration®(100ppb and %) and thregifferent
toluene concentratidres,0.2 uM, 1 uM, and 50 pM) to evaluate the inhibitory effect dicleoanoouad.

All incubations were set-up in duplicates resulting in a total of 16. For an overview on the
experimental set-up see Figure 23.

The first measuring time point was immediately after CH3;Cl supplementation. Approaches
with 100 ppb CH3CI were sampled within 180 minutes and approaches with 1 % CH;Cl were
sampled over 48 hours. For all approaches all gas samples taken (6 ml) were stored in 3 ml
exetainer vials (Labco Ltd., High Wycombe, England) for the subsequent analysis of CHsCI
by GC (see 2.4.3).
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2.3.9. Chloromethane degradation potential of terrestrial and

aquatic environments and the putative inhibition by toluene

CHsCl-utilising microorganisms were detected and isolated from terrestrial and aquatic
environments assuming an ubiquity of these specialised methylotrophs [Doronina et al.,
1996; Miller et al., 1997; Coulter et al., 1999; McAnulla et al., 2001a; Borodina et al., 2005;
Schéafer et al., 2005]. Within both environments important sinks for CH;Cl are present.
However, a direct comparison of terrestrial and aquatic environments was never conducted.
In addition, toluene inhibition was only shown for seawater samples [Goodwin et al., 2005].
Thus, the current experiment was conducted in order to evaluate the global role of the acidic
forest soil as CH;CI sink in comparison with other partly completely soil samples of different

ecosystem types.

In total 7 environments were analysed in terms of CH3;Cl degradation and the putative
inhibition by toluene. These environments were classified as terrestrial and aquatic
environments (see 2.1.2, 2.1.3, Table 2). From the terrestrial environments fresh soil
samples were crushed manually to obtain coarse-grained soil and 15 g of soil were used per
replicate (I ~ 15 ml volumes in the flask). From the shore sediment samples (i.e., lakeshore
and seashore) 25 g of sediments were mixed with 5 ml of corresponding water per replicate
(I ~15 ml volumes in the flask). From the sea sediment samples 11 g of sediments were
mixed with 5 ml of corresponding water per replicate (I ~ 15 ml volumes in the flask). From
the water samples (i.e., lakewater and seawater) 15 ml of unfiltered water were used per
replicate. All incubations were performed in sterile screw-capped natural-rubber-stopped 125
mL flask (Glasgeratebau Ochs, Bovenden, Germany; Miller + Krempel, Bulach,
Switzerland). Approaches to evaluate the endogenously amount of formed CH;Cl were set-
up in duplicates. Approaches to evaluate the CH;Cl degradation were set-up as triplicates
and 0.5 % CH;Cl was initially supplemented. Approaches to evaluate the putative inhibition
of toluene were set-up as triplicates and 0.5 % CH3Cl and 0.5 ml toluene (final concentration
500 nM) were initially supplemented. Approaches to characterise the biotic character of the
CHsCI degradation were set-up as one replicate per environment and 0.5 ml KCN (final
concentration 20 mM) were initially supplemented. All replicates were supplemented with
additional air (~ 100 ml) to obtain overpressure in the flasks allowing gas sampling. For an
overview on the experimental set-up see Figure 24.

Oxic conditions were offered by a large gas phase inside the flasks (i.e., the ratio of gas
phase to 6solid phased was 8.5:1). During the
opened. The O, concentrations were monitored by GC, but did not fall below 10 %. Gas

samples of the head space were taken at several time points. Flasks were always swivelled

before 5 ml of the gas phases were sampled and stored in 3 ml exetainer vials (Labco Ltd.,

High Wycombe, England) for the analysis of CH;Cl and CO, and by GC (see 2.4.3).
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Between the sampling time points the flasks were horizontally stored at 20°C in the dark and
occasionally rotated by hand. The experiment was finished after 60 days of incubation.

N S5O

soil sediments water
Forest soil Lakeshore Lakewater
Compost soil Seashore Seawater
Sea sediment
CH,CI CH;CI toluene KCN
formation degradation inhibition control
« J - J \. J
Al Y Y
+ CH,CI + CH,CI + KCN
+ toluene

Figure 24 Experimental set-up to evaluate the chloromethane degradation potential of
different ecosystem types and assessing the putative inhibition by toluene.

Samples were derived from diffe@sytstentypes (see2.1.22.1.3 Table?). From eaaobcosystem type four
different approaches wereupgeih order to evaluated the endogenously formed ama@nt of:Cld C H
f or mat i eChdégradatianhthee putakive inhibitiosCdfdegtadatiory oluene, and the biotic character
oftheCt€l degradation (O6KCN control 6).

2.3.10. Oxic incubations of the methanol/chloromethane SIP

experiment with sieved soil

The utilisation of methanol is often facilitated by its oxidation to formaldehyde [Anthony,
1982], in which the utilisation of CH3Cl is initiated by a dehalogenation processes [Schafer et
al., 2007]. Thus, different enzymes are necessary to utilise both C1 compounds. However,
on the level of formaldehyde both pathways can be merged. In addition, the simultaneous
utilisation of methanol and CH3;Cl seems to be common along alphaproteobacterial
methylotrophs including the well-characterized Hyphomicrobium and Methylobacterium
strains [McDonald et al., 2001]. Wheter methanol-utilising methylotrophs are also utilising
CH;Cl and vice versa was tested in the conducted SIP experiment.

The methanol/chloromethane SIP experiment was a cooperation project. Thus, the
incubation of samples and sampling was primarily conducted by Pauline Chaignaud with my
support.

For each sampling point (5 points in total) 300 g soil was sieved and equally mixed resulting
in a total of 16500 g sieved s ecapped nalutaleubltsem i | wa s
stopped 1 L flask (Glasgeratebau Ochs, Bovenden, Germany; Miller + Krempel, Bllach,
Switzerland) and the gas phase was supplemented with 1 % CHsCI to preincubate the soil
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and activate CH;Cl-utilising microorganisms in the soil. The preincubation was conducted on
an end-over-end shaker at 20°C in the dark. The CH3CI concentration was monitored by GC
and the preincubation was finished after 2 weeks when no CH;Cl was detectable anymore.

The preincubated soil was subsequently split to set-up different treatments for the SIP
incubation. For each treatment 70 g of activated soil (correspond to ~ 50 ml) was filled into
sterile screw-capped natural-rubber-stopped 0.5 L flask (Glasgeratebau Ochs, Bovenden,
Germany; Muller + Krempel, Bulach, Switzerland). In total, 8 different treatments were set-up
in duplicates and were partly supplemented with **C- or **C-isotopologue of methanol or
chloromethane in different mixtures (solely methanol, solely chloromethane or both
substrates supplemented simultaneously). All treatments were placed on an end-over-end
shaker at 20°C in the dark. For an overview on the experimental set-up see Figure 25.

supplemented = SIP incubations

Methanol Chloromethane Methanol & Chloromethane

ol 12MeOH  1*MeOH 12MeOH 1MeOH 12MeOH
contro 12CH,Cl '3CH,Cl 12CH,Cl "2CH,Cl '3CH,CI

. J
Y

molecular analyses with marker genes such as 16S rRNA, mxaF / xoxF, cmuA
(see 2.5,2.5.7, 2.5.12)

Figure 25 Experimental set-up of the methanol / chloromethane SIP experiment.

Soil was preincubated witfCC&hd subsequently split into treatments supplemented with solely methanol (blue
box), solely chloromethane (green box) or both substrates simultaneously supplemented (purple box). SIP
incubations were conducted gthor 13C-isotopolages of the sulbates in different combinations. SIP
incubations were further molecular analysed 2s862.5.12.3

In total, 5 substrate pulses were conducted over a time period of 23 days. Each substrate
was pulsed at equal amounts of 216 umol per treatment. Substrates were supplemented if
CHsCl was no longer detectable in the corresponding approach with CH;CI, i.e., treatments
with solely one substrate supplemented were processed together and treatments with
simultaneously supplemented substrates were processed together. Thus, the time points of

pulsing were sometimes divergent.

At each time point of pulsing incubation flasks were opened and allowing to acclimatise
before re-sealing. CO, and O, concentrations were measured every 1 to 2 days to control
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oxic conditions. Before each re-opening (= substrate pulse) 5 ml of the gas phases of the
[*3C4]-methanol treatments were stored in 3 ml exetainer vials (Labco Ltd., High Wycombe,
England) for subsequent analysis of **CO, formation (see 2.4.3).

Several soil aliquots (0.5 g - 1 g each) for analytical and molecular analysis (see 2.4, 2.5.6,
2.5.12.3) were taken before and after the preincubation as well as before and after substrate
supplementations and kept at -80°C. The pH was monitored in all treatments.

2.4. Analytical methods

2.4.1. Determination of pH values

The pH of soil and media was determined by using a pH electrode (U457-S7/110, Ingold,
Steinbach, Germany) and a digital pH meter (WTW pH 330, Wissenschaftlich-Technische
Werkstatten, Weilheim, Germany). The soil pH was determined in soil slurries.

2.4.2. Dry weight and water content of environmental samples

In order to determine the dry weight of soil samples the weight of sieved soil and dried soil
was determined as triplicates. Samples were dried at 60°C for at least 24 h (sometimes
several days). Dry weight was determined if the weight remained constant.

The gravimetric water content was determined using the determined fresh and dry weights of
a sample. The volumetric water content of a sample was determined using a sampling ring
with a defined volume of exact 100 cm® (| total volume of the soil sample).

Equation 2 and Equation 3 were used to calculate the gravimetric and volumetric water
contents, respectively.

Equation 2 Gravimetric water content 37 [%]
. a & , fresh weight
w - wp T T . :
a a , dry weight
Equation 3 Volumetric water content 57 , [%]
® @ , water volume

W —-WpTT \ .
w P w, total volume of soil sanipE0Q cm3)

2.4.3. Gas chromatography (GC)

The gases CH,4, CH3Cl, CO,, and O, were analysed via gas chromatography (GC) with
Hewlett Packard 5890 Series Il gas chromatographs (Hewlett Packard, Palo Alto, CA, USA)
using the conditions listed in Table 5.
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Table 5 Parameters of GC analyses with Hewlett-Packard 5890 Series |l gas
chromatographs.
gas CHa CH3C| CO, (o))
Detector FID ECD TCD TCD
L Thermal Thermal
Flame ionization Electron capture - .
conductivity conductivity
detector detector
detector detector
Molecular Sieve, Poropak Q Chromosorb 102, Mo!ecular
Column omx1/2” (80/100), 2mx 1/8" Sieve,
4mx1/8” 2mx1/8”
(AIItech., (Supelco Bellefonte, (AIItech., (AIItech.,
Unterhaching, Unterhaching, Unterhaching,
PA, USA)
Germany) Germany) Germany)
Carrier aas Ar Ar: CHa He Ar
9 (100%) (95% : 5%) (100%) (100%)
Settings:
Flow rate 40 ml / min 20 ml / min 15 ml / min 33 ml/ min
Oven temperature 60°C 120°C 40°C 60°C
Injector temperature 120°C 250°C 150°C 150°C
Detector 150°C 300°C 250°C 175°C
temperature
Injection volume 500 pl 500 pl 100 pl 100 pl
Retention time 1.7 min 8 min 2.3 min 1.1 min

The operating principle of the Flame ionization detector (FID) used for CH, determination is
the detection of free electrons formed during combustion in a hydrogen flame.

The operating principle of the ECD (electron capture detector) used for CH;Cl determination
is based on the ionisation of the carrier gas (Ar) by a radioactive source (**Ni) resulting in a
base current. Analyte molecules with a high electron affinity (such as halogenated
compounds) reduce this base current by capturing the electrons. These changes of the base
current are detected by the ECD.

The operating principle of the TCD (thermal conductivity detector) used for CO, and O,
determination is based on changes of the thermal conductivity between a measuring cell
perfused by the pure carrier gas and a measuring cell perfused by the carrier gas mixed with
the analyte molecules. Changes in the measuring gas composition cause temperature
changes in the measuring cells.
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All gas samples were taken with sterile syringes and flushed with 100 % argon before each
measurement or sampling from the incubation treatments. Signals of the GC were
transformed by Knauer IF2 (Knauer, Berlin, Germany) integrator and the gas concentrations
were finally quantified using the software EuroChrom (Version V3.05, Knauer, Berlin,
Germany) and external standards. The over pressure in each incubation flask was always
measured directly before each sampling with a digital precision manometer (GHM 3111,
GHM Messtechnik GmbH, Regenstauf, Germany). For gas samples stored in exetainer vials
(Labco Ltd., High Wycombe, England) always the overpressure of the incubation flask and
not of the vial was used for calculations of gas concentration.

The total concentration of gases was calculated in consideration of the concentrations of
gases in the gas and in the liquid phase, the volume of the gas and the liquid phase in the
incubation flasks, the ambient pressure (measured with a barometer (Barogeber, 946...1053
hPa, ThiesClima, Gottingen, Germany)), the overpressure in the incubation flasks, the
temperature at the time of sampling, the pH and solubility coefficients of the gases. For the
calculation of total gas amounts the following Equation 5 - Equation 9 were used based on
the ideal gas law (Equation 4). The total concentration of gases is the sum of the amounts
gases in the gas phase (¢ ) and in the liquid phase (¢ , physically dissolved; ¢ , chemically
dissolved). Only for CO, the amount of chemically dissolved gas was calculated (Equation 9).
The total amount of gases in the gas phase (¢ ) was calculated using Equation 6. The total

amount of gases physically dissolved in the liquid phase (¢ ) was calculated using Equation

8, and the total amount of CO, chemically dissolved in the liquid phase (¢ ) was calculated
using Equation 9.

Equation 4 Ideal gas law
n o &€ Y 'Y
f, pressure;
W, volume;
¢, amount of substance;
'Y, gas constant (83,145 (mbar-ml) x (rigiol-K)
“Y absolute temperature

Equation 5 Total amount of gases = ([mmol]

£ € & &

Equation 6 Amount of gases in the gas phase = [mmol]
‘ : 0 n_n
£ w ; ;
W n

W, volume of the gas phase in the incubation flask [ml]

0, concentration of the gas referred to 1

@ , molar volume of the gas under current conditions [ml/Eomnali¢age
M , current atmospheric pressure [mbar]

f , over pressure in the incubation flask [mbar]
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Equation 7 Molar volume . of the gas under current conditions [ml/mmol]
: v Y
n

'Y, gas constant (83,145 (mbar-ml) x (rijiol-K)
“Y absolute temperature [K]
n , current atmospheric pressure [mbar]

Equation 8 Amount of gases = _physically dissolved in the liquid phase [mmol]
. : 0 n _n
£ W ; - |
w n

®, volume of the liquid phase in the incubation flask [ml]

0, concentration of the gas referred to 1

® , molar volume of the gas under current conditions [ml/seedjuation 6)
M , current atmospheric pregsuivar]

f] , over pressure in the incubation flask [mbar]

| , solubility coefficients of the gaseRalsied

Equation 9 Amount of gases = 1 chemically dissolved in the liquid phase [mmol]

£ € p Tt
£ , amount of gases physically dissolved in the liquid phase [mmol]
(A seeEquatioB)
1 "OpH of the liquid phase
N U Gogarithmic acid dissociation constant for bicarbonate (6.37 at 25°C)

The solubility coefficients of the gases CH,;, CO, and O, are the dimensionless Bunsen

solubility coefficients ( U) taken from BfChchaoi kk,vabese. wasr acCs
a comparable approxi mat e val ue was calcul at edEquatios ) on t h
and the solubility of CH3Cl in water (see Table 6).

Equation 10 Bunsen solubility coefficient » at standard conditions*
| ®

®

® , volume of dissolved gas [ml]
®, volume of the solution [ml]

*standard conditions: 273,15 K; 1,01325
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Table 6 Calculation basis values for a solubility coefficient value for CH3ClI.

gas CH,CI CH, CO,
Solubility in water® 5.32 g/L (25°C) 22 mg/L (25°C) 1.7 g/L (20°C)
Density at 0°C b 2.31 g/L 0.72 g/L 1.98 g/L
Calculated U 2.303 0.0307 0.8585
determined U ( - 0.032 0.85

[Blachnik, 1998]

aValues taken framttps://www.ncbi.nlm.nih.gov/pccomppplhicible temperature in brackets
bValues taken framttp://www.dguv.de/ifa/gestisigesffidatenbank/index.jsp

2.4.4. Gas chromatographyi mass spectrometry (GC-MS)

For the determination of [**C]-CO, in the gas samples from all SIP incubations (see 2.3.3,
2.3.4, 2.3.10) gas samples were stored in exetainer vials (Labco Ltd., High Wycombe,
England) and measured at the Department of Molecular Systems Biology, UFZ i Helmholtz
Centre for Environmental Research in Leipzig (Germany).

The [**C]-CO, determination was performed using a Perkini EImer GC Clarus 600 system
with an Rtx®-1 capillary column (60 m x 320 pM). For GC-MS detection, an electron
ionization system was operated with an ionization energy of 70 eV. Mass spectra were taken
from 14 to 70 Da. Helium was used as carrier gas at a constant flow of 300 kPa, and an

injection volume of 10 ¢l (split ratio 10:

syringe. Each sample was measured five times. The total amount of [**C]-CO, and [**C]-CO,
was analysed by the extraction of m/z values 44 and 45 followed by peak integration. The
peak areas were corrected with [**C]-CO, and [**C]-CO, indoor air values, and finally, the
ratio of the m/z values 45/44 was calculated.

2.4.5. High performance liquid chromatography (HPLC)

The concentrations of acetate, sugars, and vanillic acid in the microcosm experiments were
measured by high performance liquid chromatography (HPLC) under the conditions listed in
Table 7. The operating principle of the universal RID (refractive index detector) is based on
the comparison of the refractive index of the pure mobile phase with the refractive index of
the mobile phase mixed with the investigated sample. The operating principle of the DAD
(diode array detectors) is based on the absorption spectrum of the analyte molecule in the
sample. The identity and purity of the substrate was additionally verified by the absorption
spectrum ranging from 210 17 350 nm (see Figure 26). The absorption at 264 nm was used
for the quantification of vanillic acid in the samples.
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Figure 26  Absorption spectrum of vanillic acid in
detected by HPLC with a DAD.

The absorption maximum at 264 nm (arrow) was used to

the sample and from the standard

guantify the conclinteatiiincarmpies.

Table 7 Parameters of HPLC analyses.
Compounds Acetate and Sugars Vanillic acid
HPLC Hewlett-Packard 1090 series I Agilent 1200 Series HPLC
Hewlett Packard, Paoloa Alto, Agilent Technologies, Béblingen,
CA, USA Germany
Detector RID DAD
Aqgil 1200 Infini . -
Refracg\llgr;adegngttleT:Ittgr RID Agilent 1200 Infinity
G1362A Diode Array Detectors DAD G1315D
(Agilent Technologies, (Agilent Technologies,
Boblingen, Germany) Boblingen, Germany)
Separation . .
ion exclusion reverse phase
processes
Security Guard Cartridge, ZORBAX SB-C18,
Pre-column suitable for 7.8 mm ID column, UHPLC guard column,
50 x 7.8 mm 2.1 mm x5 mm, 1.8 um
Rezex ROA Organic Acid H+ (8%), 300 ZORBAX Rapid Resolution HT SB-C18,
Column
X 7.8 mm 2.1 x 50mm, 1.8um
(Phenomenex, (Agilent Technologies,
Torrance, CA, USA) Bdblingen, Germany)
Flow rate 0.8 ml/ min 1 ml/min
. . . . 2 M i H 3) 1 50%
Mobile phase 4 mM phosphoric acid solution 0 mM sodium ape_tate (PH 3) T 50%
acetonitrile buffer
Oven 60°C 30°C
temperature
Injection volume 20 pl 50 pl
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Soil slurry samples used for HPLC analyses were always collected in sterile microcentrifuge
tubes and kept at -20°C. Before the HPLC analyses were performed the frozen samples
were prepared by <centr i f ug atl3KdSartorfuomicrodeatrifuge, n a't 1
Sigma Laborzentrifugen, Osterode am Harz, Germany). The aqueous supernatant was
transferred into sterile tubes and diluted if necessary, i.e., slurry samples before the
substrate pulses were assumed to show low substrate concentrations, and thus, these
samples were not diluted. Subsequently samples were filtered (pore size 0.2 uM, nylon filter,
Infochroma, Zug, Switzerland) into butyl rubber stopped aluminium crimp sealed HPLC glass
vials. Samples were stored at 4°C for several days in order to repeat measurements. For all
samples of vanillic acid treatments and corresponding standards vial, which are insensitive to
light (brownish glass vials) were used.

External standards with known concentrations were used to identify and quantify the different
compounds. Additionally, in each HPLC analytical run defined substrate standards were also
measured in order to evaluate possible fluctuations of the retention time or concentration.

2.5. Molecular methods

2.5.1. Co-extraction of nucleic acids

Nucleic acids from soil slurry and sieved soil aliquots were extracted followed a modified
protocol of Griffiths and colleagues [Griffiths et al., 2000]. Each extraction was conducted in 2
ml screw-capped tubes (VWR International) with approximately 0.5 g of soil slurry / sieved
soil. Equal amounts of extraction buffer (5% CTAB, 0.35 M NaCl, 120 mM potassium
phosphate buffer, pH 8), phenol / chloroform / isoamyl alcohol (25:24:1), and zirconia/silica
beads (0.5 g of @ 0.5 mm beads and 0.5 g of @ 0.1 mm beads; BioSpec, Bartlesvill, OK,
USA) were added and cells were disrupted by bead-beating (speed of 5.5 m s™ for 30 s in a
FastPrep FP120 bead beater (Thermo Savant, Holbrook, NY, USA)). Immediately samples
were chilled on ice for 2 minutes and subsequently centrifuged (5 minat1 4 6 &k @,04°C, 1-
15K Sartorius microcentrifuge) to separate liquid phase (containing nucleic acids) from the
solid phase. The supernatant was carefully transferred without displacing the white interface
onto the solid phase (containing fragmented cells and proteins) and mixed with the same
amount of chloroform / isoamyl alcohol (24:1). Tubes were vigorously mixed several times
over 5 minutes and subsequentXAg 4°C)aonseparaté theged (5
nucleic acids from residual proteins, humic acids and phenol. If the supernatant was still
brownish, this washing step with chloroform / isoamyl alcohol was repeated. Nucleic acids in
the supernatant were precipitated with the double volume of precipitation buffer (0.1 M
Hepes pH 7 - 30% PEG; Fluka, Neu-Ulm, Germany) and mixed vigorously. Precipitation was
done with clear solutions (i.e., no turbidity, colourless to brownish colour possible) for 2.5 h at
room temperature. After a c e mxtgrdfChta pebetize muoleicst ep (
acids, the supernatant was discarded and the pellet was washed 2 times with ice cold
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ethanol (70 %) to remove salt residues. After washing the pellets were dried at room
temperature and resuspended in 30 - 50 yl PCR-H,O (distilled water (DNase/RNase free)
from gibco (Paisley, United Kingdom)) by heating for 2 min at 65°C.

2.5.2. Enzymatic digestion of RNA and DNA after extraction

In order to separate DNA and RNA after coextraction (see 2.5.1) enzymatic digestions were
conducted. RNA was removed * Wernedmtas,RSt aLsom-Roth, ( 10
Ger many) and DNA was r emoV, Eamentas) The @iNgosition of (1
both digestion approaches is listed in Table 8. Both enzymatic digestions were stopped by

the precipitation with isopropyl alcohol of nucleic acids (see 2.5.3.2).

Table 8 Composition of the enzymatic digestion reactions after coextraction.
RNA digestion DNA digestion
1 Vol extract of nucleic acids 1 Vol extract of nucleic acids
0.05 Vol RNase® 0.125Vol  10x reaction buffer®

0.033Vol  DNase®
achemicals from Fermentas, St:Rabn Germany

2.5.3. Purification and precipitation of nucleic acids

2.5.3.1. Approach with polyethylene glycol and glycogen

This precipitation was mainly conducted after the fractionation of SIP gradients (see 2.5.6,
2.5.6.2). Mainly half of a fraction (i.e., 225 pl) was used for precipitation and the other half
was stored as back-up. The precipitation was conducted by adding 2 volumes of 30 % PEG
solution (see 2.2.6) and 0.02 volumes of glycogen (10 mg ml™; glycogen from bovine liver,
Fluka, Steinheim, Germany) to the fraction. Glycogen acts as a carrier for small amounts of
DNA and is necessary to ensure the almost complete recovery of DNA. The precipitation was
incubated for 2.5 h at room temperature and DNA was pelletized by centrifugation ( 2 1 6X0 0 0
g, 20 min, 4°C). Pellets were washed with ice cold ethanol (70 %), subsequently dried at
room temperature, and dissolved in PCR-H,0 (distilled water (DNase/RNase free) from gibco
(Paisley, United Kingdom)). In the case of 225 pl starting volume of a fraction, DNA was
finally resolved in 10 pl PCR-H,0.

2.5.3.2. Approach with isopropyl alcohol and sodium chloride

This precipitation was mainly conducted after enzymatic digestions (see 2.5.2, 2.5.11). The
precipitation of 1 volume of nucleic acid extract was conducted with 0.7 volume of ice cold
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isopropyl alcohol and 0.1 volume of sodium chloride (5 mM) at -20°C for at least 12 h [Green
& Sambrook, 2012]. Nucleic acids were pelletized by centrifugation (60 min, 2 1 6 & §,@°C).
Pellets were washed with ice cold ethanol (70 %), subsequently dried at room temperature,
anddi ssol ved i-HO @@tilled WwatelP(DNase/RNase free) from gibco (Paisley,
United Kingdom)).

2.5.4. Quantification of nucleic acids

2.5.4.1. Spectrophotometry (via NanoDrop™)

The quantity and quality of extracted nucleic acids (see 2.5.1) and amplicons (see 2.5.7) was

determined spectrophotometrically with a ND-1000 (NanoDrop Technology, Wilmington, NC,

USA) . 2 Ol of extracts were used to measure t he
wavelength. Nucleic acids absorb mainly at 260 nm. Proteins, phenols or other contaminants

absorb at 280 nm and humic acids may absorb at 230 nm [Tsutsuki & Kuwatsuka, 1979].

Assessing the purity of DNA and RNA the ratio A260/A280 is used. A ratio of 1.8 is indicative

for pure DNA a ratio 2.0 is indicative for pure RNA extracts without massive contaminations

of proteins or phenols [Sambrook & Russell, 2001]. The ratio A260/A230 is a secondary

measure of purity and should be in a range of 2 - 2.2. Lower values are indicative for
contaminations by humic acids.

Reference, if not clearly mentioned: http://www.nanodrop.com

2.5.4.2. Fluorescence-based gquantification (via PicoGreen®)

A more sensitive quantification method that is less vulnerable to interferences by
contaminants was used to quantify low amounts of DNA (see 2.5.6, 2.5.8.2, 2.5.11). The
Quant-iT-PicoGreen dsDNA (Invitrogen, Carlsbad, CA, USA) reagent is an ultra sensitive

fluorescent nucleic acid stain for double-stranded DNA (dsDNA) and might quantitate as little
as25pgmL*of dsDNA. The quantification was done f ol
in microtiter plates. The fluorescence was measured with a FLx800 Microplate fluorimeter

(BioTek, Bad Friedrichshall, Germany) and DNA concentrations were evaluated with external

DNA standards delivered by the manufacturer and the software Gen5 (BioTek).

2.5.5. Agarose gel electrophoresis

Agarose gel electrophoresis was used to visualize nucleic acid extracts (see 2.5.1) and PCR
products (see 2.5.7) and for the purification of PCR products by gel extraction (see 2.5.9.1).

For the visualization the gels were prepared with 1 % w/v low EEO standard agarose
(AppliChem GmbH, Darmstadt, Germany) and 1 x TAE buffer (40 mM Tris-HCI, 20 mM
acetate, 1 mM EDTA, pH 8). The mixture was heated (microwave) until the agarose was
completely melted. After chilling to approximately 60°C the fluid mixture was supplemented
with ethidium bromide (3,8-diamino-5-ethyl-6-phenyl-phenenthridium bromide, BioRad) to a
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final concentration of 0.08 mg mi™* and poured into gel tray allowing to harden. Samples (3 -
10 ul) were prepared with 0.2 volumes 6x loading dye (0.05 % bromophenol blue, 0.05 %
xylene cyanol, 55 % glycerin) and transferred into gel slots. Additionally, several slots were
filled with molecular weight marker (MWM 1, Bilatec, Viernheim, Germany). Electrophoresis
was performed in migration chambers (BioRad Mini- or Maxi-Sub cell, BioRad) filled with 1 x
TAE buffer for 20 - 60 min at 80 - 120 V (Power-Pak 3000, BioRad). Gels were visualized by
UV light (302 nm, Transilluminator UVT-20M, Herolab GmbH, Wiesloch, Germany) and
photographed with a Canon PowerShot G5 camera (Canon, Krefeld, Germany).

Gel electrophoresis for purification was prepared in the same manner as for the visualization
with the exception of lower concentrated gels, i.e., 0.8 % w/v low EEO standard agarose
(AppliChem GmbH, Darmstadt, Germany) and 1 x TAE buffer (40 mM Tris-HCI, 20 mM
acetate, 1 mM EDTA, pH 8) were mixed. The running buffer was 1 x TAE buffer (40 mM Tris-
HCI, 20 mM acetate, 1 mM EDTA, pH 8) and the running time was always 60 min at 80 V.

2.5.6. 16S rRNA-based stable isotope probing with DNA

The stable isotope probing (SIP) technique is an elegant method to circumvent the focused
enrichment, cultivation and isolation of microorganisms responsible for substrate turnovers in
environments. The technique also enables the detection of uncultivable or low abundant
organism by labelling them with stable isotopes. In general, each SIP starts with the
incubation of a sample with a [*3C,]-substrate and relies on its assimilation and incorporation
by subsets of microorganisms resulting 1in
buoyant density (BD) of DNA enriched by **C-isotopes is higher than the BD of unlabelled
DNA (contains only **C-isotopes) enabling the separation of labelled and unlabelled DNA by
density gradient centrifugation. Subsequently, the separated DNA is the basis of molecular
analyses based on gene markers allowing the characterisation and phylogenetic affiliation. In
addition, the comparison of labelled and unlabelled DNA as well as the comparison of **C-
incubations with *?C-incubations enables the detection of labelled organisms. A schematic
overview of SIP is shown in

Figure 27, and for more information on SIP see also Radajewski et al., 2000; Lueders et al.,
2004; Friedrich et al., 2006; Neufeld et al., 2006. In this work several DNA SIP experiments
were performed with forest soil samples in order to estimate the multi-carbon substrate range
of methanol-utilising methylotroph (see 2.3.3), the impact of pH on these methanol-utilising
methylotrophs (see 2.3.4) and to reveal methanol- and chloromethane-utilisers and their
congruent utilisation of these C1-substrates (see 2.3.10). All SIP experiments were
performed after the SIP protocol of Neufeld et al., 2007 (partly modified).
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Isotope labelling by assimilation Isotopic separation Evaluation
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Figure 27 Schematic overview of SIP experiment procedures.

Environmental samplesed to be incubated wWRBisotopologues finally enabling the identification of
microorganism. The overview exemplified DNA SIP and was inspireet lay, E@@8rich

2.5.6.1. Density gradient centrifugation of DNA and fractionating of the
gradient

Extracted and RNA-free (see 2.5.1, 2.5.2) DNA from the SIP experiment treatments
(including **C- and corresponding '*C-treatments, see 2.3.3, 2.3.4, 2.3.10) were used. In
order to identify labelled phylotypes (see 2.5.14) and compare different treatments DNA
samples from the beginning (tp) and after incubation were used. DNA from each treatment
replicate and each extraction replicate (i.e., duplicated treatments and duplicated extraction
resulting in 4 DNA aliquots in total) was pooled in equal parts (see Table 9) to a final volume
of 20 yl and was added to CsClI-containing gradient solutions (see 2.2.6).

Table 9 Amount of applied DNA of different SIP experiments to separate unlabelled
and labelled DNA in isopygnic centrifugation.
SIP experiment applied DNA treatment (**C- and **C-isotopologue)
Substrate SIP 5 ug to, glucose, xylose vanillic acid

10 g methanol & acetate
pH shift SIP 10 pg all
methanol/chloromethane SIP 5 ug all
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Independent centrifugation runs were conducted for substrate SIP, pH SIP and
methanol/chloromethane SIP experiments. Comparability was still given due to gradient
solutions (see 2.2.6) with a density of 1.732 + 0.0006 g ml™* used for all runs as well as the
isopycnic centrifugation of corresponding DNA from *2C- and *C-isotopologues treated
samples of corresponding treatments (i.e., DNA derived from [**C]- and [**C,]-methanol
incubations were subjected to the same centrifugation run, and so forth). In each run an
unloaded gradient was carried along for the determination of the buoyant densities of the
resulting fractions (see 2.5.6.2).

256.2. Seperation of O6heavyd (H), O6mi ddl ed (

fractionation

After isopygnic centrifugation (see 2.5.6.1) each gradient was fixed vertically in a rag and

separated into 11 fractions (450 pl each). The fractionation was performed using a low-flow

peristaltic pump (Econo Pump 1, Biorad, Hercules, USA) generating a continuous flow. A
sterile needle (23G I 1606) connected to the pum
and already filled wi t2R.6)owasvpiercddantoithe tpp of the tubei ond (
underneath the black plug (see Figure 28), and a second needle (23G I
pierce a second hole into the bottom of the tube. Fractionation was done by pumping the

6overlay solutiond at"theoughtheotue and cokectimfthe Dactiors ml mi
drop-wise in separate tubes.

light BD

fraction
#10

~ gradient

Figure 28 Fractionation of a gradient.

The fractionatioh a gradientas done byu mpi ng 6éoverl ay solutiondé (blue)
fraction drepise in separate tube (A). In total 11 fractions a 450 pl werénashiekmedy fractionil10
were used for analyses and the uppermost fraction 11 wasedd/éB}. reje
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In order to determine the density gradient along the tube fractions the unloaded gradients
were used. The buoyant density of each fraction was determined by repeated weighing of
100 pl per fraction at 20°C (at least 10 measured values). For the substrate SIP experiments
gradients loaded with DNA for bacterial analyses (see 2.5.7.6, 2.5.12.2, 2.5.13.1) ranged in
general from 1.750 + 0.003 g mlI™* to 1.697 + 0.007 g mlI* and for fungal analyses (see
2.5.7.6, 2.5.12.2, 2.5.13.1) from 1.750 + 0.004 g ml™ to 1.696 + 0.004 g ml™. For the pH shift
SIP experiment gradients ranged in general from 1.744 + 0.004 g ml™ to 1.699 + 0.004 g ml™.
For the methanol/chloromethane SIP experiment gradients ranged in general from 1.747 +
0.004 g mI™ to 1.700 + 0.002 g ml™.

Fractions 1 to 10 were used for DNA precipitation and further analyses. The DNA was
precipitated with glycogen (10 mg ml™*) and polyethylenglycol (see 2.5.3.1) and quantified
with Quant-iT-Pico Green (Invitrogen, Carlsbad, CA, USA) (see 2.5.4.2).

Fract i ons 1 to 10 wer e s e p.a rahftagionywitp abudyantddensity t o

O 1.gmdY , 0 mi.ed dllfractions (with a buoyant density between 1.730 and 1.715 g

m™) , andieddlilghftrdbadti ons wi tliv15a mbB)dractoasnThiswWasins i t y

agreement with reported buoyant densities for non-labelled native DNA (i.e., 1.69 - 1.725 g
ml™ [Carter et al., 1983; Lueders et al., 2004]) and the comparison of T-RFLP patterns of all
fractions of [**C]- and [**C,]-methanol treatments (see 3.6.2).

2.5.7. Polymerase chain reaction (PCR)

The polymerase chain reaction (PCR) is used to directly amplify DNA. By utilising specific
primers DNA fragments of interest can be replicated and thus, even low amounts of DNA are
analysable. Each PCR is structured in repeating cycles including denaturation of template
DNA, annealing of primers and elongation by heat-stable DNA-polymerases [Chien et al.
1976, Saiki et al., 1988, Lewin, 1998].

All PCR reactions were always set up on ice in either single or 8-stripes 0.2 ml PCR tubes or
96 well plates (all PCR clean; Eppendorf, Hamburg, Germany; AHN Biotechnology,
Nordhausen, Germany; Sorenson Bioscience, Murray, USA). All PCRs performed at the
University of Bayreuth were conducted in a SensoQuest labcycler (SensoQuest GmbH,
Gottingen, Germany). Before each PCR started lids and heating blocks of the thermocyclers
were preheatedto 95°Cto prevent wunspecific reactions
PCR conditions for the different target gene fragments were tested, but only conditions that
resulted in amplicons are mentioned here.
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257.1. Primers

The total bacterial community was mainly analysed with a universal 16S rRNA-specific
primer pair (341f and 785/805r) that was proposed to reveal the best overall coverage and
phylum spectrum and is assumed to reduce the bias in diversity studies [Klindworth et al.,
2013]. For the T-RFLP analysis (see 2.5.11) longer amplicons were needed, wherefore
another universal primer pair was used (27F and 907rm). In addition, the forward primer was
labelled with a fluorescent dye.

The methanol-utilising microorganisms were targeted by the amplification of the marker
genes mxaF and xoxF that encodes for subunits of different types of PQQ-methanol
dehydrogenases [Chistoserdova, 2011]. The primer pairs of mxaF/xoxF | were assumed to
target both marker genes without any bias against one of these genes. However, a revision
revealed that the primers bias against xoxF (pers. communication P. Chaignaud and F.
Bringel). Thus, new designed primers targeting also xoxF were used in further study
concerning methanol-utilisers (mxaF/xoxF I1).

The chloromethane-utilising organisms were targeted by the amplification of the marker gene
cmuA encoding for a subunit of the unusual bifunctional methyltransferase/corrinoid-binding
enzyme catalysing the initial step of CH3CI utilisation [Studer et al., 2001; McDonald et al.,
2002; Schafer et al., 2005].

Methanotrophic microorganisms were targeted by the amplification of the pmoA gene that
encodes a region around the active site of the particulate methane monooxygenase (pMMO)
[Holmes et al., 1995; Costello & Lidstrom, 1999; Bourne et al., 2001]. Although two distinct
types of MMOs exist (i.e., pMMO and sMMO, soluble methane monooxygenase), the pMMO
is present in almost all methanotrophs, wherefore targeting pmoA is assumed to cover a
higher diversity of methanotrophs. However, the marker gene mmoX encoding for the active
site of the subunit of the sSMMO was also targeted, since some methanotrophs such as
Methylocella or Methyloferula species only possess the sMMO [Dedysh et al., 2000; Dunfield
et al., 2003; Dedysh et al., 2004; Vorobev et al., 2011]. Besides the well known methane
monooxygenase marker genes pmoA and mmoX, the enigmatic gene pxmA was also
targeted in this study. It is a homolog of pmoA and might play a role in methylotrophic
metabolism. However, its function remains still unknown, but it seems to be widespread in
nature contri bupmoNamoAlkeba ggmneup eqfueadceea, 20lT;avor mi |
Knief, 2015].

The total fungal community was analysed by targeting the internal transcribed spacer region
(ITS) within the rRNA that can easily amplified with universal ITS primer and serves as a
marker of choice to explore the fungal diversity in environmental samples [Schoch et al.,
2012; Kdljalg et al., 2013]. The fungal ITS region covers 600 - 800 bp and is thus often
variable among different and distinct fungal species allowing for differentiation and affiliation
[Gardes & Bruns, 1993; Hibbett et al., 2011]. The in this study applied ITS primer pair (ITSF1
and ITS4) strongly supports the amplification of Ascomycetes and Basidiomycetes and
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biases against plants or other eukaryotic organism because of the more specific forward
primer [Gardes & Bruns, 1993].

Amplicons that were used for pyrosequencing were amplified in a two-step PCR approach

including a PCR with the conventional primer set (step-1-PCR) followed by a PCR with

barcoded fusion primers (step-2-PCR) [Berry et al., 2011]. Barcoded primers (i.e.,
conventional primers i ncl ud-end)gveranmecessarytgre-idamntdyl e ot i d €
amplicons in a multiplex sequencing and create different pyrosequencing libraries. Barcodes

for the different experiments are listed in the appendix (Table A 1 & Table A 2). Barcoded

fusion primers also include adaptor sequences that are necessary for the binding to capture

beads before the emulsion PCR step of pyrosequencing (see Table 10).

Table 10 Structure of the barcoded fusion primers used for amplicon pyrosequencing.

fusion primeri 83dYucture (56

adaptor sequence?® key barcode® gene specific primer®

forward fusion primer

CCATCTCATCCCTGCGTGTCTCCG/ TCAG NNNNNNNMN 6conventional
(6 or 10 bp

reverse fusion primer

CCTATCCCCTGTGTGCCTTGGCAGTC TCAG 6conventional

a Adaptor sequences are provided by Roche (Mannheim, Germany). Forward fusion primer contains adaptor
sequence A, reverse fusion primer contains adaptor sequence B.

b Barcde sequences are givehahle Al for bacterial genes dratble A& for fungal genes and were used to
create amplicon libraries and assign sequences to different samples.

¢ Primer sequences of gene specific primers arel'gblehlir-orward fusionrper were constructed with the
@onventionmed ({bawaedcahvegemniesnaladh dr @vheer sée pri mer
respectivelReverse fusion primer were constructed @ith the e nt i o imer (bacteniaegenes) and pr

t hceonbventi onal 86 forward primer (fungal bacteri al ge

This table has been published in Metaa/2017
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Table 11 Pri mer sequences of 6conventional 6 primers

mxaF/xoxF, cmuA, pmoA, and ITS gene fragments.

gene primer® sequende3 8()5 6 amplicon reference
341f (17 bp CCT ACG GGEGOMGC AG 4447 Muyzer et al., 1993
16S 785/805 r (21 bp GAC TAEGING GGT ATC TAATCC 464 bp Herlemann et al., 2011
rRNA | 27F°¢ (18 bp AGA GTT TGANMICGG CTC s00 by -2ne 1991
907rm (20 bp CCGTCAATMCTTG AGT TT P Lane, 1991
OmxaF1656
1003f (21 bp GCG GCA CCA ACT GGG GCT CGT 552 b McDonald & Murrell 1997
mxaF/ | 1555, (21 bp CAT GABGG CTC CAAC CAT P Neufeld et al., 2007
XoxF
| OmxaF25b
mxaF_for (19 bp TGG AAC GAG ACCATG CGT C 455 b Moosvi et al., 2005
maxF_rev (20 bp CATGCA GAT GTG GTT GAT GC P Moosvi et al., 2005
6 MDH16
MDH_forl (18 bp GCG ®V LAICT GGG HF 450 b Chaignaud, 2016
mxaF/ | MpH_rev (21 bp GAASGGYTCSYARTC CAT GCA P Chaignaud, 2016
XoxF
I 6 MDH26
MDH_for2 (18 bp GCG ®V SLAICT GGG HF 450 b Chaignaud, 2016
MDH_rev (21 bp GAASGGYTCSYARTC CAT GCA P Chaignaud, 2016
cmuA802f (23 bp TTC AAC GGC GATG TAT GGG Miller et al., 2004
CmuA
| cmuAl609r (21 bp TCT CGA TGA ACT GBG GCT 800 bp  Miller et al., 2004
cmuA1802r (17 bp TIVGARTCRAG/CCG TA 1000 bp Nadalig et al., 2011
CMUA O0cmiNGSE
! CMuAf422 (20 bp GARGTB GA TAY AAY GAHGG 422 b Chaignaud, 2016
CMuArd422 (23 bp TARTTG CGC RTAC ATG TCC P Chaignaud, 2016
A189f (18 bp GGN GAC TGG GAC TTC TGG Holmes et al., 1995
PMOA A682r (18 bp GAASGCNGA GAA GASGC 525 bp Holmes et al., 1995
AB650r (17 bp ACG TCC TTA CCG AAG GT 500 bp Bourne et al., 2001
mb661rm (19 bp CCG ®IG CAACGTYT TAC C 470 bp Costello & Lidstrom, 1999
pxXmA novelmo634r* (22 bp CTATGA TGC GCA GAT ATT CTG C 500 bp  Tavormina et al., 2008
moX mmoX206f (20 bp ATC GCB AAR GAA TAY GCS CG 119 Hutchens et al., 2004
mmoX886r (20 bp ACC CAN GGC TCG ACY TTG AA P Hutchens et al., 2004
TS ITS1F (22 bp CTT GGT CAT TTA GAG GAAGTA £ 7007 Gardes & Bruns, 1993
ITS4 (20 bp TCC TCC GCT TATTGATATGC 900 bp  White et al., 1990

aPri mer notation according to the

are listed at first.
b Primer sequence with wobble bases in bold faces.
¢Primer wagbelledvith theinfae d dye | RM@M700 at
din combination with the forwar

t he

r

eference with

56

d primer O6A189f50

77

u

pri



MATERIALS AND METHODS

2.5.7.2. PCR approaches to amplify pmoA

The methanotrophic marker gene pmoA was amplified using different primer sets (see Table
11). As observed by Bourne and colleagues, each primer set reveal biases when applying in
soils. The primer set A189f/A682r [Holmes et al., 1995] targets pmoA as well as amoA
sequences of ammonia-oxidizing nitrifiers. The primer sets A189f/A650r and A189f/mb661r
are not targeting amoA sequences. However, A189f/A650r [Bourne et al., 2001] might detect
high-af f i ni ty met hanotrophs of t he US CpmoAg of o u p bu
Methylococcus capsulatus (type | methanotroph). The primer set A189f/mb661r was
originally developed for freshwater environments [Costello & Lidstrom, 1999], detects the

pmoA of type | and type Il methanotrophs, but seems to bias against pmoA of high-affinity
methanotrophs.

Several PCR conditions were tested with genomic DNA of Methylococcus capsulatus BATH,
Methylomonas methanica, and Methylosinus trichosporium OB3b (kindly provided by Dr.
Andrew Crombie) as positive template controls.

Table 12 Composition of reagents for PCR reactions of the assays for pmoA.

Primers
A189f / A862r A189f / A650r A189f / mb661r
reagent Vol. final Vol. final Vol. final
(conc.) [] conc. [l] conc. [l] conc.
SensiFast SYBR” (2x) 30 1x 30 1x 10 1x
Primer forward (10 pM) 3 500 nM 15 250 nM 1.3 650 nM
Primer reverse (10 uM) 3 500 nM 1.5 250 nM 1.3 650 nM
BSA (3%)° 15 0.1% 15 0.1% 0.5 0.1%
MgCl, (50 mM)>¢ 0.8 2 mM
PCR - H,0° 7.5 10.5 1.1
DNA-template’ 5 5 5
x 50 50 20
aPr i mer pair used in BPCROreaction was AM13 rev [/ T7

bReagents f BYBR@ Bleorescéin\Kit ¢Bibline GmbH, Luckenwalde, Germany)

¢ Stocksolution (3 mglinifrom crystallised BSA (Bovine Serum Albumin) from Merck (Darmstadt, Germany).
d Additional supplementation of Mg2+ resulted in a final concentration of 5 mM.

eDistille§Vater (DNase/RNase free) from gibco (Paisley, United Kingdom)

f Diluted DNA templates (1:100 or 1:100)
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Table 13 PCR programs to amplify pmoA.

primers
A189f / A862r OR A189f / A650r A189f / mb661r
step temp. time temp. time
initial denaturation 95°C 6 min 95°C 5 min
94°C 1 min
amplification 62°C 1 min 8 x
cycles® (-1°C / cycle)
72°C 1 min
. 94°C 45 sec 94°C 1 min
amplification , 27
b 55°C 30sec 35x 55°C 1 min
cycles _ X
72°C 60 sec 72°C 1 min
terminal . .
) 72°C 10 min 72°C 10 min
elongation
storage 10°C b 10°C b

a Amplification cycles include denaturation, annealing and elepgataxhdycles. PCR is a touchdown PCR

with decreasing annealing temperatures by 1°C per cycle.
b Amplification cycles include denaturation, annealing and elongation in repeated cycles.

2.5.7.3. PCR approaches to amplify mmoX

The methanotrophic marker gene mmoX encoding for the active site of a subunit of the
sMMO was amplified using a primer set introduced by Hutchens and colleagues (see Table
11). The primer was designed on the basis of all available mmoX gene sequences in 2003
[Hutchens et al., 2004] assuming a better coverage compared to other primer sets such as
the firstly reported mmoX targeting primer set that was designed on the basis of SMMO gene
cluster sequences of Methylococcus capsulatus BATH and Methylosinus trichosporium
OB3b [McDonald et al., 1995].

In this work several PCR conditions were tested in order to amplify mmoX gene sequences
from the acid soil but the amplification was insufficient. In all PCR approaches genomic DNA
of Methylcella silvestris BL2 (kindly provided by Dr. Andrew Crombie) was used as positive
template control to check the PCR conditions. All PCR conditions tested are listed in order to
show the attempts. In total 3 different assays were tested. Each assay consisted of a
different PCR reaction mixture (see Table 14) and PCR program (see Table 15).

79



MATERIALS AND METHODS

Table 14 Composition of reagents for PCR reactions of the assays for mmoX.

Assay 1 Assay 2 Assay 3
Reagent final Reagent final Reagent final
g vol. [u] g Vol. [u] g Vol. [u]
(conc.) conc. (conc.) conc. (conc.) conc.
Buffer® 5PRIME SensiFast
2 1x 2 5 y)de 8 1x ¢ 1x
(10x) (2.5%) SYBR (2x)
b 0 1.5 mM
dNTPs MgCl, MgCl, o
2 0.2 mM d or or d 1.6 5mM
(2 mM) (25 mM) o | (25 mM)
1.2 3mM
Taq Polym.? BSA’
0.25 1.3 0.2%
(5 U/l (3%)
Primer Primer Primer
forward 1 500 nM forward 1 500 nM forward 0.4 200 nM
(10 M) (10 pm) (10 pm)
Primer Primer Primer
reverse 1 500 nM reverse 1 500 nM reverse 0.4 200 nM
(10 pM) (10 pM) (10 uM)
PCR-H,0° 8.75 PCR-H,0° to 15 PCR-H,0° 1.3
DNA DNA DNA
5 5 5
template template template
X 20 X 20 X 20

aReagents from BILATEC AG, Viernheim, Germany.
b Equimolar mixture from 100 mM stock solutions from ROTH (Karlsruhe, Germany)
cDistilledVater (DNase/RNase free) from gibco (Paisley, United Kingdom)
d Reagents from 5PRIME (Hamburg, Germany)
e Master mix (2.5 x) contains Tag DNA polymerase #3212%mM KCI, 75 mM-HGS$ (pH 8.3), 4 mMeiVig
0.5% IgepalCA636 500 edNITPpsfabiligeasc h
fReagent f rYBR@RunresceM Kik(Bioline GmbH, Luckenwalde, Germany)
9 Stock solution (3 mg@)nfrom crystallised BSA (Bovine Serum Albumin) from Merck (Darmstadt, Germany).

Table 15 Different PCR programs to amplify mmoX.

Assay 1 & 2° Assay 3°

step time
initial denaturation 95°C 95°C 5 min
e 95°C 95°C 45 sec
amplification c d
b 48 - 62°C 60°C 45sec  40x
cycles
72°C 72°C 60 sec
terminal elongation 72°C 72°C 10 min
storage 10°C 10°C b

aAssay numeration corresponds to PCR reaction§disigddlin

b Amplification cycles include denaturation, annealing and elongation in repeated cycles. Annealing temperature:
varied as noted.

¢ Annealing temperature gradient range: 48°C / 4%33C3158°C/ 53.1°C/ 54.4°C/ 55.6°C/ 56.9°C/ 58.2°C/
59.5°C/ 60.7°C/ 62°C

d Annealing temperatwaschoseraccording to the study where the primers were applied for the first time
(Hutchenst al, 2004).
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2.5.7.4. PCR approaches to amplify pxmA

The gene pxmA is a homolog of pmoA and has been described in gammaproteobacterial
methanotrophs such as Methylomonas, Methylobacter and Methylomicrobium [Tavormina et

al., 2011]. However, genome sequencing revealed a more widespread occurrence and a

pxmA copy was also detected in an alphaproteobacterial methanotrophic strain of
Methylocystis rosea [Knief, 2015]. Just before the gene description of the pxmA gene,
sequences were also det ect pmbA/amoAlsiekveed ad e pu ehreae st
et al., 2000; Lau et al., 2007; Dorr et al., 2010]. But yet, the function of pxmA remains still

unknown [Knief, 2015].

In this work several PCR conditions were tested in order to amplify pxmA gene sequences
from the acid soil, but the amplification was insufficient resulting in smeared bands. However,
all PCR conditions resulting in smeared bands are listed in order to show the attempts and
give further approaches to amplify pxmA. In total 4 different assays were tested. Each assay
consisted of a different PCR reaction mixture (see Table 17) and PCR program (see Table
16).

Table 16 Different PCR programs to amplify pxmA.

Assay 1* Assay 2® Assay 3° Assay 42

step temperature time
initial denaturation 95°C 95°C 95°C 95°C 6 min
L 94°C 94°C 94°C 94°C 45 sec
amplification e . ond ope
cveles® 48 - 62°C 56°C 55-60°C" 54.5-58°C 30sec 35x
y 72°C 72°C 72°C 72°C 60 sec
terminal elongation 72°C 72°C 72°C 72°C 10 min
storage 10°C 10°C 10°C 10°C b

aAssay humeration corresponds to PCR reactionfdistedd.in

b Amplification cycles include denaturation, annealing and elongationytie®p&atezhling temperatures
varied as noted.

¢ Annealing temperature gradient range: 48°C / 49.3°C / 50.5°C/ 51.8°C/ 53.1°C/ 54.4°C/ 55.6°C/ 56.9°C/ 58.2°C/
59.5°C/ 60.7°C/ 62°C

d Annealing temperature gradient range: 55.1°C / 55.6°C/ 56.2°C/ 56.7°C/ 57.3°C / 57.8°C/ 58.4°C / 58.9°C/
59.5°C/ 60°C

e Annealing temperature gradient: 54.5°C / 56°C / 57°C / 58°C
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Table 17  Composition of reagents for PCR reactions of the assays for pxmA.
Assay 1 Assay 2 Assay 3 Assay 4
Reagent (conc.) Vol. [ul]  final con. Reagent (conc.) Vol. [ul] final con. Vol. [ul] final conc. Vol. [ul] final conc.
5PRIME (2.5 x)*" 8 1x SensiFast SYBR (2x)° 8 1x 8 1x 8 1x
MgCl, (25 mM)? 0/1.2 1.5 mM* MgCl, (25 mM)? 1.6 2 mm®
BSA (3%)’ 1.5 0.2% 15 0.2% 1.5 0.2%
g 0.2/0.4/ 1% /2% /
DSMO (100%)
0.6/08/1 3% /4% /5%
Primer 6 A18 9 f Primer6 A18 9 f 1/15/ 500/ 750/
1 500 nM 1 500 nM 2 1000 nM
(10 uMm) (10 uMm) 2 1000 nM
Primer 6 nov el m Primer 6 nov el m 1/15/ 500/ 750/
1 500 nM 1 500 nM 2 1000 nM
(10 uMm) (10 uMm) 2 1000 nM
PCR-H,0" ad to 15 PCR-H,0" 1.9 ad to 15 45
DNA template 5 DNA template 5 5 5
x 20 x 20 20 20
aReagents from 5PRIME (Hamburg, Germany)
bMaster mix (2.5 x) contains Taq DNA polymerase {62 528 mM KCI, 75 mMHA@E(pH 8.3), 4 mM Mg2+, 0.5% Igepa®3 0+, 500 &M of each dNTP,

cReagent f rYBR@FuoresceM Kik(Bioline GmbH, Luckenwalde, Germany)

d Additional supplementation &frésglted in a final concentration of 3 mM.

e Additional supplementation &frédglted in a final concentration of 5 mM.

fStock solution (3 mglinfrom crystallised BSA (Bovine Serum Albumin) from MerckGBramausyadt,
9Reagent from New England Biolabs, USA

hDistille}Vater (DNase/RNase free) from gibco (Paisley, United Kingdom)
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2.5.7.5. PCR approaches to amplify cmuA

The marker gene cmuA for chloromethane utilisation was targeted with different primer pairs.
The primer pairs listed as cmuA | were designed based on 4 cmuA sequences
(Methylobacterium extorquens CM4, Hyphomicrobium chloromethanicum CM1, Aminobacter
lissarenis CC495, and Aminobacter ciceronei IMB-1; Miller et al., 2004) or based on cmuA
sequences derived from the phyllosphere [Nadalig et al., 2011]. These primers were already
used to target the diversity of cmuA in several environments [Miller et al., 2004; Borodina et
al., 2005; Nadalig et al., 2011], but the rise of more and new cmuA sequences allowed the
design of new primers (cmuA Il) [Chaighaud, 2016]. These primers were tested on samples
derived from the methanol / chloromethane SIP experiment (see 2.3.10) and are assumed to
be more specific.

PCRs with the primer pairs of cmuA | were performed at the University of Bayreuth using
genomic DNA of Methylobacterium extorquens CM4 (provided by Pauline Chaignaud) as
positive template controls. PCRs with the primer pairs of cmuA Il were performed by our
cooperation partner at the Institute de botanique, Laboratoire GMG, Equipe AIME,
Strasbourg.

Table 18 PCR programs to amplify cmuA.

CMUA gene sequences

cmuA | 2 cmuA Il °
step temp. time temp. time
initial denaturation 95°C 8 min 95°C 10 min
e 95°C 60 sec
amplification 95°C 15 sec
c 60°C 60 sec 35 x ¢ | 30x
cycles 56°C 30 sec
72°C 90 sec
terminal ) _
) 72°C 10 min 72°C 5 min
elongation
storage 10°C b 10°C b

aPCR was conducted at the department EMIC, University of Bayreuth

bPCR was conducted at the Institute de botanique, Laboratoire GMG, Equipe AIME, Strasbourg
¢ Amplification cycles include denaturation, annealing and elongation in repeated cycles.

d Annaling and elongation are combined in one step.
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Table 19 Composition of reagents for PCR reactions of the assays for cmuA.

cmuA | ? cmuA Il ¢
cmuA802f / cmuA1609r or cmuA1802r CcmMuAf422 / cmuAr422
reagent Vol. final reagent Vol. final
(conc.) [] concentr. (conc.) [ concentr.
SensiFast SYBR (2x)" 8 1x Buffer (10x)" 5 0.86 x
BSA (3%)° 15 0.2% dNTPs (20 mM)’ 05  0.17mM
Taq Polymerase Mix® 10
Primer reverse (10 uM) 1 500 nM Primer reverse (20 uM) 0.75 258 nM
Primer forward (10 pM) 1 500 nM Primer forward (20 pM) 3.25 1121 nM
PCR-H,0° 4.5 PCR-H,0' 335
DNA template 3 DNA template 5
x 20 X 58

aPCR was conducted at the department EMIC, University of Bayreuth

PReagent s f BYBR® Bleorescein\Kit (Bi6line GmbH, Luckenwalde, Germany)

¢ Stock solutigB® mg ) from crystallised BSA (Bovine 8#yumin) from Merck (Darmstadt, Germany).

d Distille§Vater (DNase/RNase free) from gibco (Paisley, United Kingdom)

e PCR was conducted at the Institute de botanique, Laboratoire GMG, Equipe AIME, Strasbourg

fReagents from MP Biomedicals (buffer- HCITt3 mM, KCI 50 mM, MgCI2 1.5 mM, BaGt&86. 0.2 mg
mLL, pH 9.0)

9 Taq Polymerase Mix consistent afa@ypblymerase (5U/uL, MP biomedicals), 1 pl 10x buffer and 7 uL PCR
HO.

2.5.7.6. 2-step approach PCRs for pyrosequencing

The 2-step-approach was conducted for all amplicons that were used for pyrosequencing
(samples of the substrate SIP experiment, see 2.3.3, and pH shift SIP experiment, see 2.3.4)
including 16S rRNA, mxa/xoxF |, and ITS (see Table 11). PCRs were performed in
duplicates or triplicates with SIP-derived DNAofpool ed O6heavybéjgbmbdédradt i

Amplification of mxaF fragments with 6 mx a lthe step-1-PCR for the substrate SIP
experiment samples was insufficient, leading to a second amplification with 6 mx a tBrgefing
a region within the previously amplified segment. Amplicons from the first PCR were purified
with columns (see 2.5.9.2) and re-amplified in a nested PCR employing nearly the same
conditions (i.e., decreased amplification cycles; Table 20, Table 22).
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In all @H shift SIP experiment DNA extractséhuge amounts of humic acids were detected
and PCR inhibitory effects were still present after isopycnic centrifugation (Figure 29). Thus,
step-1-PCR was conducted for all targeted marker genes with different PCR reagents
(KAPA2G Ready Mix, KAPABIOSYSTEM (Boston, MA, USA)) showing increased inhibitor
tolerance than reagents for substrate SIP experiments (Table 20, Table 22).

Nucleic acid extraction Isopycnic centrifugation

t, pH4 pH7

after before during fractionation residual
bead beating centrifugation (no carryover) humic acids

Figure 29 Humic acids contamination.

Strorg  contamination lofimic ac&lduring nucleic acid extractions, before aridopftenicentrifugation
complicated further molecular Resikduals of humic acids were still recalcitianpgéieicentrifugation.

The amplification of ITS gene sequences of the substrate SIP experiment samples followed

two different strategies. I TS gene fragments of
were amplified in one PCR step (similar to step-1-PCR) with an ITS fusion primer pair. ITS

gene fragments of pool ed DNA of the OheavydodstepPCRcti ons
approach [Berry et al., 2011] with the conventional primer pair in step-1-PCR and the fusion

primer pair in step-2-PCR (Table 21, Table 22).
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Table 20 Composition of reagents for PCR reactions in the 2-step approach PCR of
barcoded amplification for bacterial gene fragments (16S rRNA, mxaF/xoxF I)

Step-1-PCR Step-2-PCR
(conventional primer pair) (barcoded primer pair)
Substrate SIP experiment pH-SIP _experiment
reagent Vol. final reagent Vol. final reagent Vol. final
(conc.) (] conc. (conc.) [N conc. (conc.) [N conc.
KAPA2G d
5PRIME®" iy Buffer®
2.5 X) 8 1x Read);;\/llx (2 125 1x (10x) 5 1x
dNTPs®
2 mM) 5 0.2 mM
Tag Poly.?
(5Ull) 0.25 0.025 U
TagMaster TagMaster
PCR PCR
Enhancer® L 1x Enhancer® 10 Ix
(5x) (5x)
BSA' BSA'
0, 0,
(3%) 15 0.2% (3%) 15 0.2%
Primer Primer Primer
reverse 1 500 nM reverse 1.25 500 nM reverse 2.5 500 nM
(10 uM) (10 pM) (10 uM)
Primer Primer Primer
forward 1 500 nM forward 1.25 500 nM forward 5 500 nM
(10 uM) (10 uM) (5 uM)
PCR-H,0° 4.5 PCR-H,0° 3.5 PCR-H,0° 17.25
DNA 3 DNA 5 DNA 5
template template template
X 20 x 25 X 50

aReagents from 5PRIME (Hamburg, Germany)

b Master mix (2.5 x) contains Tag DNA polymerase (62.22%5 miM KCI, 75 mMH@kL(pH 8.3), 4 mM
Mg2+,0.5% Igepd@l®A 6 30+, 500 €M of each dNTP, stabilizers.

cReagents from KAPABIOSYSTEM (Boston, MA, USA).

d Buffer (10 x) contains 500 mM K@M.A0iCl pH 8.3 (at 25°C), 15 mM Mg2+

e Equimolar mixture from 100 mM stock solutions from ROTH (Karlsruhe, Germany)

fStock solution (3 melLinfrom crystallised BSA (Bovine Serum Albumin) from Merck (Darmstadt, Germany).

9 Distille§Vater (DNase/RNase free) from gibco (Paisley, United Kingdom)

THs table has been published in Metaal/2017
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Table 21 Composition of reagents for PCR reactions in the two-step approach PCR of
barcoded amplification for fungal gene fragments (ITS)

Step-1-PCR Step-2-PCR
(conventional primer pair or fusion primer pair) (fusion primer pair)
Substrate SIP experiment pH-SIP experiment
reagent Vol. final reagent Vol. final reagent Vol. final
(conc.) [l] conc. (conc.) [l] conc. (conc.) [lu] conc.
GoTaq Green KAPA2G GoTaq Green
Mastermix 25 1x Ready Mix” 12.5 1x Mastermix 25 1x
(2 x)? (2 x) 2 x)?
BSA®
15 0.2%
(3%)
Primer Primer Primer
reverse 1 200 nM reverse 1.25 500 nM reverse 1 200 nM
(10 pM)*? (10 pM) (10 M)
Primer Primer Primer
forward 1 200 nM forward 1.25 500 nM forward 1 200 nM
(10 pM)*? (10 M) (10 M)
PCR-H,0% to 50 PCR-H,0° 3.5 PCR-H,0? 18
DNA 1to DNA 5 DNA 5
templatef 10 template template
X 50 x 25 X 50

aReagents from Promega (Madison, WI, USA)

bReagents from KAPABIOSYSTEM (Boston, MA, USA).

¢ Stock solution (3 mg@)nfrom crystallised BSA (Bovine Serum Albumin) from Merck (Darmstadt, Germany).

dThe conventional primer pair ITS1F and ITS4 or the fusion primer pair of these primers were used. Fusion primer
p 0 s s e s sendaof thetprimsequerice an additional adaptor and barcode sequédiatés (see

eDistilledVater (DNase/RNase free) from gibco (Paisley, United Kingdom)

fDNAtemplate was added in different volumes ranging from 1 to 10 pul dependent of PCR result.

THs table has been published in Metaal/2017
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Table 22 PCR programs to amplify 16S rRNA, mxaF/xoxF | and ITS gene fragments in
step-1-PCR and step-2-PCR of barcoded amplification.

Bacterial genes (16S rRNA and mxaF gene)

Step-1-PCR Step-2-PCR
(conventional primer pair) (barcoded primer pair)
Substrate SIP exp. pH-SIP experiment
step temp. time temp. time temp. time
initial . . .
, 95°C 5 min 95°C 5 min 95°C 5 min
denaturation
e 95°C 60sec | 25x° | 95°C 30 sec c 95°C 60 sec
amplification d 25X
a 55°C 60sec | 30x 55°C 30 sec e 55°C 60 sec 15X
cycles R 30 x
72°C 60sec | 20x 72°C 60 sec 72°C 60 sec
terminal ) . .
) 72°C 8 min 72°C 8 min 72°C 8 min
elongation
storage 10°C b 10°C b 10°C b
Fungal genes (ITS gene)
Step-1-PCR Step-2-PCR
(conventional primer pair or fusion primer pair ) (fusion primer pair)
both SIP experiments
step temp. time
initial ) )
) 95°C 6 min 95°C 6 min
denaturation
94°C 30 sec
e 94°C 45sec
amplification 60°C 30 sec .
cveles® (1°C / oycle) 10 x 50°C 45 sec 10 x
y Y 72°C 60 sec
72°C 90 sec
I 94°C 45 sec ]
amplification 20 x
a 50°C 45 sec g
cycles 30 x
72°C 60 sec
terminal i ,
) 72°C 10 min 72°C 10 min
elongation
storage 10°C b 10°C b

a Amplification cycles include denaturation, annealing and elongation in repeated cycles.
b Amplification cycles include denaturation, annealing and elongationyicleepB&iRdis a touchdown PCR
with decreasing annealing temperatures by 1°C per cycle.
¢Number of repeated cycles for 16S rRNA gene fragment amplification.
dNumber of repeated cyclesfalFg e ne fr agment amplification with pri mi
eNumbeof repeated cyclesfiorFg e ne f ragment amplification with prim
fNumber of repeated cycles fol-®€R with the conventional primer pair (subsequéii@Rtepnducted).
9 Number of repeated cycles fol-RIER with the fusfimmer pair (no st2pCR conducted).

THs table has been published in Metaal/2017
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25.7.7. PCR approaches to amplify 16S

0l LLUMI NAG

sequencing

rRNA and mxaF/xoxF Il for

Previous to sequencing by synt R&.82.3samplicohslot UMI NA
16S rRNA and mxaF/xoxF Il sequences were retrieved by PCR of SIP-derived DNA of

pool ed O6heavyd, ghmidd dlreadc,t i amd .

PCRs

designed primer pairs of mxaF/xoxF Il were assumed to target also xoxF.

wernew per for

PCRs were performed using genomic DNA of Escherichia coli JM109 (for 16S rRNA,

competent cells for cloning, see 2.5.10) and Methylobacterium extorquens CM4 (for

mxaF/xoxF Il, provided by Pauline Chaignaud) as positive template controls.

Table 23 Composition of reagents for PCR reactions of the assays for 16S rRNA and
mxaF/xoxF Il f or 61 LUMI NAS

sequencing.

16S rRNA mxaF/xoxF Il
Reagent (conc.) Vol. [u] final conc. Reagent (conc.) Vol. [u] final conc.
Buffer® (10x) 5 1x 5PRIME (2.5 x)*® 8 1x
dNTPs® (2 mM) 5 0.2 mM TaqMaster g 3 1x
PCR Enhancer (5 x)
MgCl,® (25 mM) 3 1.5 mM BSA (3%)’ 1.5 0.2%
Taq Polym.? (5 U/ul) 0.25
Primer reverse (10 uM) 25 500 nM Primer reverse (10 pM) 1 500 nM
Primer forward (10 uM) 2.5 500 nM Primer forward (10 uM) 1 500 nM
PCR-H,0° 26.75 PCR-H,0° 0.5
DNA template 5 DNA template 5
x 50 X 20

aReagents from BILATEC AG, Viernheim, Germany.
b Equimolar mixture from 100 mM stock solutions from ROTH (Karlsruhe, Germany)

cDistilledVater (DNase/RNase free) from gibco (Paisley, United Kingdom)
dReagents from 5SPRIME (Hamburg, Germany)

e Master mi2 (5 x) contains Tag DNA polymerase (625125nhM KCI, 75 mMHGES (pH 8.3), 4 mVEMg

0.5% IgepalCAG638 500 e M

of

each dNTP, stabilizers.

fStock solution (3 mg@)nffom crystallised BSA (Bovine Serum Albumin) from Merck (Darmgjadt, Germa




MATERIALS AND METHODS

Table 24 PCR programs to amplify 16S rRNA and mxaF/xoxF Il f or 61 LUMI NAOG
sequencing.

step temperature time
initial 95°C 5 min
denaturation
amplification 95°C 1 min 30 x°
cycles® 55°C 1 min 40 x°
4 72°C 1 min
terminal 72°C 8 min
elongation
storage 10°C b

a Amplification cycles include denaturation, annealing and elongation in repeated cycles.
b Number of repeated cycles for 16S rRNA gene fragment amplification.
¢ Number of repeated cyclasfaF/xoxgene fragment amplification with both primempaiFsxafxH.

2.5.7.8. PCR approaches to amplify 16S rRNA gene sequences for T-RFLP

16S rRNA amplicons used for the T-RFLP analysis (see 2.5.11) were terminal fluorescence
labelled during PCR reactions by using a fluorescence dye-labelled primer.

Table 25  Composition of reagents for PCR reactions for amplifying 16S rRNA gene
fragments with fluorescent dye labelled primer.

Reagent (conc.) Vol. [ul] final conc.
5PRIME (2.5 x)*" 8 1x
TagMaster PCR Enhancer (5 x)* 1 1x
MgCl, (25 mM)?® 1 1 mM
Primer reverse 907rm (10 pM) 1 500 nM
Primer forward 27F° (10 uM) 1 500 nM
PCR-H,0° 10
DNA template 3
x 25

aReagents from 5PRIME (Hamburg, Germany)

b Master mix (2.5 x) contains Taq DNA polymerase {52 528 mM KCI, 75 mMH@B(pH 8.3), 4 mMéMg
0.5% IgepaCAG38 500 & M sidbilizerach dNTP,

¢ Additional supplementation Bfrésgllted in a final concentration of 2.5 mM.

dPrimer wdabelledvith the infrmed dye | RD700 at the 506 end.

e Distilledvater (DNase/RNase free) from gibco (Paisley, United Kingdom)
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Table 26 PCR programs to amplify 16S rRNA and mxaF/xoxF Il f or 61 LUMI NAOG
sequencing.

step temperature time
initial . 95°C i~
denaturation
amplification 95°C 60 sec
cp cles® 40°C 60 sec 5 x
g 72°C 90 sec
amplification 95°C 60 sec
cycles? 50°C 60sec | 33x
g 72°C 90 sec
termlngl 1200 L0 min
elongation
storage 10°C 5

a Amplification cycles include denaturation, annealing and elongation in repeated cycles.

2.5.8. Quantitative polymerase chain reaction (qPCR)

Quantities of gene numbers in different samples can be determined using quantitative PCR
(qPCR) that is similar to PCRs with an additional quantification step [Raeymaekers, 2000;
Li kog & KolpThe dPCR i2 QuileSsensitive and detects even minimal changes in
gene copy numbers or gene expression (in the case of mMRNA analyses) [Heid et al., 1996].
The operating principle of gPCR is based on fluorescent dyes such as SYBR Green | and
their binding to dsDNA. The auto-fluorescence of unbound SYBR Green | is increased by the
factor 10* when the fluorescent dye intercalates with dsDNA. Thus, increasing concentrations
of dsDNA (= amplicons) correlates with an increasing fluorescence signal by SYBR Green |
that is recorded in each gPCR cycle. At the beginning of the exponential phase of the gPCR
the fluorescence exceeds a threshold value (Cy) that is linear proportional to the logarithm of
the initial concentration of the targeted gene [Bustin et al., 2009]. Basis for the quantification
of the initial concentration in the analysed sample are quantitative standards with known
gene concentrations (qPCR standards, see 2.5.8.2). The specific nature of the amplification
is verified by the melting curve at the end of the qPCR. The continuous increase of
temperature leads to the melting of dsDNA amplicons depending on their length and
nucleotide composition and thus to the loss of fluorescence.
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Amplification profile of a qPCR First derivate of the melting curve

inlcuding standards and individual samples target gene \l
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Figure 30 Schematic overview on the operating principle of gPCR analysis.

The figure shoamplification prafitecorded during a gPCR (target gene: 16S rRNA) and the first derivate of the
melting curv&ene numbeds individual samples, (,, ,, ) are determineda the samplespecific threshold

cycle(Cr) and gPCR standards with known concentrations’ (eXf} ffrget moleculeg. The €is

characterised as the cycle when the fluorescence signal exceeds the background fluorestegatiygreen line).
controls (= P@RO, ) serve as quality chédke levellingut of the sigmoid curves is the result of primer and
nucleotide consumpti@nno further amplicons are synthesized.

Themelting curve shows the chahfiigorescence over time depemdthg temperature. The peaks resulting of

the first derivate of the melting curves are depending on length and nucleotide composition of an amplicon as
indicated. Short fragments (such as primer dimers) would exhibit a peak at lower temperatures.

2.5.8.1. gPCR primers

The primers used for gPCR analyses were shown to detect the target genes specifically and
resulting amplicons were always short in order to enhance gPCR efficiency. These primers
were also used to prepare the gPCR standards (see 2.5.8.2).

2.5.8.2. Preparation of gPCR standards

The gPCR standards of the target genes were amplified using the same primers as used for
gPCR. Amplified PCR products were cloned (see 2.5.10) and finally specific amplicons (i.e.,
identical gene structure due to cloning) were enriched by PCR. The amplicons were purified
by gel extraction (see 2.5.9.1) and quantified using a fluorescence dye based method (see
2.5.4.2).

PCRs for standard preparation were performed using genomic DNA of Escherichia coli

JM109 (for 16S rRNA, competent cells for cloning, see 2.5.10), Methylobacterium extorquens

CM4 (for mxaF, provided by Pauline Chaignaud), Methylocella silvestris BL2 (for mmoX,

provided by Dr. Andrew Crombie), and forest soil (for pmoA-US C U) as templ at es.
preparation of the artificial DNA the plasmid pCR 2.1-TOPO (Invitrogen, Karlsruhe,

Germany) flanked by M13 priming sites without any insert served as template.
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Table 27 Primer sequences of primers used for gPCR and to prepare qPCR standards.

gene primer?® sequendel 8()5 0 amplicon reference
16S | 341f (17 bp) CCT ACG GGEGOMGC AG 193 bp Muyzer et al., 1993
rRNA | 534r (17 bp) ATT ACC GCG GCT GCT GG Muyzer et al., 1993
mxaF mxaF_for (19 bp) TGG AAC GAG ACC ATG CGTC 455 bp Moosvi et al.,, 2005
maxF_rev (20 bp) CAT GCA GAT GTG GTT GAT GC Moosvi et al., 2005
MmmoX mmoXAf (17 bp) ACC AAG RCARTTC AA 295 bp Aumann et al., 2000
Mcel422r (18 bp) GAA GCC GCATTG ATG GGT Kolb et al., 2005
pmoA | USCUS3 4 (16 bp) TGG GG ATCCTNGCNC 185 bp Degelmann et al., 2010
US C\ A682r (18 bp) GAASGCNGA GAA GAZGC Degelmann et al., 2010
vector T7-Prom_f (20 bp) TAATAC GAC TCA CTATAG GG 178 bp ThermoScient?f?c,ZOllZ
oCR M13 rev (18 bp) CAG GAA ACA GCT ATG ACC ThermoScientific,2011
21 M13_for (16 bp) GTA AAA CGA CGG CCA G 199 bp®  ThermoScientific,2011°
VECIOr | hJET for  (23bp) CGA CTC ACT ATA GGG AGA GCG ThermoScientific, 2011°
pJET variable®
1.2 pJET rev (24 bp) AAG AAC ATC GATTTT CCATGG C ThermoScientific, 2011°

a Primer notation according to the reference with pi¢ Amplicon length depends on ligated vectori.ensert

l ength in brackets. 6f 6 ligatedinsert+ 119 bp).

that are listed at first. e Primer sequences available in product informatior
b Primer sequence with wobble bases in bold faces. AiTher moScientific Cloneld
CAmplicon |l ength in combi

Table 28 Composition of reagents for PCR reactions of qPCR standard preparation
(16S rRNA, mxaF, mmoX, M13) and cloning (pJET).

16S rRNA / mxaF mmo X M13%/ pJET"
reagent final Vol. final Vol. final
Vol. [u]
(conc.) conc. [un conc. [p0 conc.
Buffer® (10x) 5 1x 5 1x 5 1x
dNTPs® (2 mM) 5 200 uM 5 200 uM 5 200 uM
MaClL° (25 mM) 3 1.5mM 6 3 mM 3 1.5mM
Taq Polym.® (5 U/ul) 0.25 0.025U 0.25 0.025 U 0.25 0.025 U
Primer forward (10 uM) 2.5 500 nM 2.5 500 nM 1 200 nM
Primer reverse (10 uM) 2.5 500 nM 2.5 500 nM 1 200 nM
PCR-H,0° 26.75 23.75 29.75
DNA-template’ 5 5 5
X 50 50 50

a Reaction mixture for preparing artificial DNA usin¢ f DNA templates were genomic DNA (16SnmiIFA,
pair AM13_for/ M13 _ revo mmoX circular plasmid pCRTDPO from Invitroge

b Reaction mixture used to amplify clones with corre (AM130) or aqueous cl o
to prepare qPCR standards SPri mer pair used in gP

cReagents from BILATEC AG, Viernheim, Germany Pr omo

d Equimolar mixture from 100 mM stock solution " Reagent s f rSYBR®& SFhioresdeil iKi

ROTH (Karlsruhe, Germany) (Bioline GmbH, Luckenwalde, Germany)
e Detilled Water (DNase/RNase freepifiomn (Paisley, | Stock solutidi®3 mg ni) fromcrystallised BSA (Bovir
United Kingdom) Serum Albumin) from Merck (Darmstadt, German

i Diluted DNA templates (1:100 or 1:100)
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Table 29 Composition of reagents for PCR reactions of qPCR standard preparation of
pmoA-USCU.

Reagent (conc.) Vol. [ul] final conc.
5PRIME (2.5 x)*° 8 1x
MgCl, (25 mM)*© 1.2 1.5 mM
Primer reverse (10 pM) 15 750 nM
Primer forward (10 pM) 15 750 nM
PCR-H,0° 2.8
DNA template 5
X 20

aReagents from 5SPRIME (Hamburg, Germany)

bMaster mix (2.5 x) contains Tag DNA polymerase {62 528 mM KCI, 75 mMHA@k(pH 8.3), 4 mMeiVig
0.5% IgepalCA636 500 ¢ M stdbilizermch dNTP,

¢ Additional supplementation Bfrésgllted in a final concentration of 3 mM.

d Ditilled Water (DNase/RNase free) from gibco (Paisley, United Kingdom)

Table 30 PCR programs to amplify gene fragments for gPCR standards.

gene fragments?

specific
16S, mmoX, mxaF, M13 pmoA-US CcU vector insert®
step temp time temp time temp time
initial 95°C  5°/8° min 95°C  5min 95°C 10 min
denaturation
amplification 95°C  60/30° sec 95°C 30sec 95°C 30 sec
f cles® 55°C  60%/30°sec | 30x |57.3°C 25sec | 35x | 60°C 30sec |30x
y 72°C 60 sec 72°C 30sec 72°C 60 sec
terminal 72°C 8 min 72°C 8 min 72°C 8 min
elongation
storage 10°C b 10°C b 10°C b

a Genes were amplified from genomic EAlIGM109 (16S rRNA), eMtorquen€M4 hxaly, and M.
silvestri8L2 fnmoXas well as from the plasmid pCR2.1 (M13 = Inhibit) and fropnfosshSa@l U )

PAmpl i fication conditions of gene fragments | igated
pJET_revd.

¢ Amplification cycles include denaturation, annealing and elongation in repeated cycles.

dTime applied in the PCR progranefaripg gene fragments of 16S réfandmmoXrom pure cultures
using specific primers.

eTi me applied in the PCR program for the amplificati

T-ables 27 to 8dee p. 99)ave been published in Moshak2017

In order to obtain gPCR standards of known concentration of target molecules the gene copy
number was calculated using Equation 11. Subsequently, the gPCR standard solutions were
diluted to 10 target molecules (5 pl)™ and stored as 5 pl aliquots at -20°C. The quantitative
standards with known initial concentration (10* - 10’ target molecules (5 pl)™) were always
prepared before each gPCR by dilution of a highly concentrated stock solution (10° target
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molecules (5 pl)*). These standards were always the calculation reference in each qPCR
approach.

Equation 11 Number of molecules 4 ,in gPCR standard solutions [molecules pl™]
N 6 .
0 — U
a a

6 , concentration of molecules in the standard solution [ng pl™]

a, exact length of amplicon (including target gene fragment, primer sequences
and vector residuals)

& , molecular weight of one base pair in dsDNA (= 649.5 ng nmol*)

0 , Avogardo constant (6.022 x 10* mol™ | 6.022 x 10** nmol™)

2.5.8.3. gPCR assay to evaluate gene copy numbers

All gPCR reactions were set-up as duplicates or triplicates and were conducted in specific
gPCR plates (Thermosprint 96 PCR plates, Bilatec, Mannheim, Deutschland) sealed with a
transparent adhesive foil (Thermosprint transparent sealing tapes, Bilatec, Mannheim,
Deutschland) enabling the record of fluorescent signals. The mastermix contained the
fluorescent dye SYBR Green | and Fluorescein (excitation at 490 nm; emission at 530 nm).
Fluorescein was used to calibrate the gPCR at the beginning and does not intercalate with
dsDNA amplicons. All DNA-templates were diluted (1:100 up to 1:1000) avoiding PCR
inhibition.

Table 31  Composition of reagents for PCR reactions of the gPCR assays.

mxaF & pmoA-USCU &
16S rRNA mmoX Inhibit®

reagent Vol. final Vol. final Vol. final

(conc.) [u conc. [un conc. [p0 conc.
SensiFast SYBR" (2x) 10 1x 10 1x 10 1x
Primer forward (10 pM) 0.5 250 nM 1 500 nM 1 500 nM
Primer reverse (10 pM) 0.5 250 nM 1 500 nM 1 500 nM
BSA (3%)° 1 0.15%
PCR - H,0° 4 2 3
DNA-template® 5 5 5

x 20 20 20
aPr i mer pair used in BPCROreaction was AM13 rev [ T7

bReagent s f BYBR&Ewnmesdin\it (Bi&line GmbH, Luckenwalde, Germany)

¢ Stock solutigB® mg m) from crystallised BSA (Bovine Serum Albumin) from Merck (Darmstadt, Germany).
d Distille§Vater (DNase/RNase free) from gibco (Paisley, United Kingdom)

e Diluted DNA teiegls (1:100 or 1:100)

The gPCRs were run in a gPCR cycler (iQ5 multicolor real-time PCR detection system, Bio-
Rad Laboratories, Hercules, USA) using the corresponding assays (Table 32). The purity
and amplification success was always checked by melting curves and agarose gel
electrophoresis (see 2.5.5).
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Table 32 Modified gPCR programs to amplify 16S rRNA, pmoA-U S C WnxaF, mmoX and artificial DNA (Inhibit).
16S rRNA pmoA-USCU mxaF mmoX Inhibit
step temp. time temp. time temp. time temp. time temp. time
initial denaturation 95°C 8 min 95°C 8 min 95°C 8 min 95°C 8 min 95°C 8 min
3-step 4-step 4-step 4-step 3-step
amplification 95°C 30 sec 95°C 30 sec 95°C 30 sec
a 95°C 30 sec 95°C 30 sec
cycles 57.3°C 15 sec 64°C 20 sec 61°C 30 sec
55.7°C 25 sec 61.2°C 15 sec
40x 72°C 10 sec 72°C 30 sec 72°C 30 sec
72°C 25 sec 72°C 15 sec
78°C 12 sec 78°C 12 sec 78°C 12 sec
terminal elongation 72°C 10 min 72°C 10 min 72°C 10 min 72°C 10 min 72°C 10 min
72°C 72°C 72°C 72°C 72°C
melting
b (+0.5°C (+0.5°C (+0.5°C (+0.5°C (+0.5°C
curve 12 sec 12 sec 12 sec 12 sec 12 sec
47x /cycle) /cycle) /cycle) /cycle) [cycle)
95°C 95°C 95°C 95°C 95°C
storage 10°C b 10°C b 10°C b 10°C b 10°C b
according to° i MCEL il NHIORRO
Zaprasis et al., 2010 Degelmann et al., 2010 Kolb et al., 2005 Degelmann et al., 2010

a Amplification cycles include denaturation, annealing and elongation in repeated cycles. Bold faces indicaits teectepgnhewdls recordefn a 3step protocol the
last 12 seconds of elongation step andstapapfotocol an exdtap with higher temperatures than elongation to melt small unspecific PCR products and thus reduce bias of
unspecific fluorescence signals.

bMelting curve analysed was performed from 72°C to 95°C with increments of 0.5°C per cycle.

¢ Established qPCR assays were slightly modified in this study, the original qPCR assay references are quoted.

This table has been published in Mxdral2917
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2.5.8.4. Evaluation of a putative qPCR inhibition

According to Degelmann et al. 2010 all gPCR measurements were inhibitor corrected since

coextracted humic acids were obvious for example in the ¢@H shift SIP experiment DNA

extractso and inhibition is well recorded [Tsai & Olson, 1992; Wilson, 1997; Wintzingerode et

al., 1997; Watson & Blackwell, 2000; Radstrom et al., 2004; Zaprasis et al., 2010]. In brief, all

DNA templates were spiked with artificial DNA, so that 5 x 10™ target molecules per gPCR
reaction were expected. I nhibition teggfh@abled8lssays 6
and Table 32.

2.5.8.5. Calculation of transcript numbers

The correct number of gene copies in each sample was calculated using Equation 12. Thus,
putative inhibitory effects during each gPCR reaction and measurement were included.

Equation 12 Calculation of corrected gene copy numbers i T{Hi L}} » including
putative gPCR inhibition
. - (o) 0
| \ | [ < -
Gro YV Tow 0
"Y0 , measured gene copy numbers in the gene specific assay*
Y0 , spiked gene copy numbers in the Inhibition assay (= 5 x 10*)*
Y0 , measured gene copy numbers in the Inhibition assay*

‘O , amplification efficiency of the gene specific assay
‘O , amplification efficiency of the Inhibition assay

*"Y{) starting quantity

2.5.9. Purification of PCR products

2.5.9.1. Gel extraction

This type of purification was applied if more than the desired specific size amplicons or a
smear (i.e., unspecific amplicons) were visible after agarose gel electrophoresis. For the gel
extraction-based purification the montage Gel Extraction Kit (Millipore GmbH, Schwalbach,
Germany) was used according to the ma n u f a cprotocoly Agarose gel electrophoresis
was done as described above (see 2.5.5). DNA-bands were excised from the gel with a
sterile scalpel under UV light visualization. In order to keep the gel slice small all not stained
gel parts (thus no DNA containing) were trimmed at all sites of the gel slice. In addition, gel
parts that were not handled were stored out of the UV light range in order to keep UV-caused
damages small. The trimmed gel slices were transferred to the montage gel extraction
columns and centrifuged. The filtrate contained the purified DNA and was used for further
molecular work.
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2.5.9.2. Purification with columns

Amplicons after PCR reactions were purified using a column-based purification kit (OMEGA
bio-tek (Norcross, GA, USA)) according tothe ma n u f a cptotmaoly 1d short, samples were
bind to a silica matrix of the column, washed twice with ethanol and finally eluted with a low
salt elution buffer. In order to achieve higher yields of DNA the elution step was always
conducted twice with 10 pl elution buffer for each step (final volume 20 pl).

2.5.10. Cloning

Cloning was performed in order to obtain standards for gPCR (see 2.5.8.2). For cloning of
16S rRNA gene fragments and marker genes the Thermo Scientific CloneJET PCR Cloning
Kit (Thermo Fisher Scientific, Waltham, USA) was used. Amplicons of the correct size were
purified by gel extraction (see 2.5.9.1) and spectrophotometrically quantified (see 2.5.4.1).

2.5.10.1. Ligation

The ligation of purified amplicons was mainly performed according to the manuf act or yds
protocol. Depending on the fragment size the amplicon was diluted to the suitable
concentr at i wverhangs forméd during PCR &ith a Tag DNA polymerase were
removed from the amplicons in a &ébluntin2g react
reaction buffer, 1 pl of DNA blunting enzyme, and PCR-H,O was mixed on ice to a final

volume of 18 pl. The mixture was vortexed, incubated at 70°C for 5 min, and chilled on ice.
Subsequently, the O6ligation r eacplETWR2/bBlunwector st art e
plasmid, 50 ng pI™) and 1 pl T4 DNA ligase G5Upul") t o the 6éblunting react
ligation was performed at room temperature for at least 10 min and was ready to use for the
transformation. A 04up ig the sarnenwaycascortingdd nda nwaf sa cd eotr y 6 s
protocol.

2.5.10.2. Transformation

The ligation mix containing plasmids with amplicon DNA were transferred into competent
cells of Escherichia coli IM109. Competent cells were thawed up on ice and mixed gently by
flicking the tubes. Transformation was started
competent cells. Tubes were gently mixed and placed on ice for 20 min allowing plasmids to
attach to the outer cell membrane. The following heat-shock reaction permeabilized the cell
membranes allowing the plasmids to enter cells. Heat-shock was conducted for 45 sec at
exactly 42°C. Transformation mixtures were immediately placed on ice for 5 minutes.
Subsequently 950 pl prewarmed SOC medium (37°C, see 2.2.7) was supplemented to heat
shocked cells allowing the cells to regenerate. After 1.5 h of regeneration at 37°C cells were
har vested by c¢entxrgi I0uninaroomaempefatbird)0® ul of supernatant
were discarded, pelletized cells were gently resuspended in the residual 250 pl and approx.
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50 - 100 ul were transferred to LB agar plates (see 2.2.7). A transformation control was set-

up in the same manner using an uncut <control pl
of t he OlasBiBs3 AR dsizeof 2868 bp and contains an ampicillin resistance gene

[Vieira & Messing, 1982].

2.5.10.3. Screening for successful cloning

Transformed cells were plated onto LB agar plates with ampicillin and allowed to grow at
37°C over night. The used plasmid contains an ampicillin resistance gene (bla(ApR)) and
thus only plasmid harbouring E.coli cells were able to grow. In addition, the used plasmid
contains the lethal gene eco47IR. Thus, only cells that incorporated the plasmid containing
ligated DNA revealed a disrupted lethal gene, were able to survive on the agar plates. For
that reason all colonies growing over night on the agar plates should harbour the plasmid
including the amplicon sequence. In total, 12 to 24 cells were picked and checked for the
correct inserts by PCR reactions using plasmid applied primers (f or pri mer pair se
pJET Table 2/, for PCR assay see 2.5.8.2, Table 28 and Table 30). Clones containing
the correct inserts were chosen, sequenced by Macrogen (Sanger method, Amsterdam,
Netherlands, see 2.5.12.1), and used for preparing qPCR standards (see 2.5.8.2).

2.5.11. Terminal restriction fragment length polymorphism (T-
RFLP) analysis

The terminal restriction fragment length polymorphism (T-RFLP) analysis is an established
fingerprinting technigue enabling the estimation of the diversity and detection of abundant
taxa in a microbial community itself, or the comparison of different microbial communities
among each other [Liu et al., 1997; Thies, 2007]. The operating principle of the T-RFLP is
based on the dissimilarities of marker genes such as 16S rRNA. The marker genes are
amplified with fluorescence labelled primers resulting in terminal labelled amplicons.
Subsequently, these amplicons are digested with restriction enzymes (endonucleases)
resulting in terminal labelled restriction fragments that can be separated on a polyacrylamide
gel (PAGE) resulting in different T-RF patterns of different samples. Thereby, these T-RFs
represent different phylogenetic taxa within the microbial community [Marsh, 2005].

In this work T-RFLP was used to compare the T-RF patterns of unlabelled (**C treatments)

and partly labelled (*°C treatments) DNA of a the methanol treatments of the substrate SIP

experiment (see 2.3.3) in order to assign fractions 1 -1 0 as O6heavyo, O6mi ddl e
fractions and thus to determine the threshold of the buoyant densities (see 2.5.6)
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2.5.11.1. Amplification with fluorescence-dye tagged primers

Fractionated DNA derived from all fractions (#1 - #10) of the [**C]- and [**C,]-methanol
treatments of the substrate SIP experiment (see 2.3.3, 2.5.6.2) was used to amplify 16S
rRNA gene sequences. Thereby the forward primer was labelled with a fluorescent dye. After
PCR (see 2.5.7.8), amplicons of the correct size were purified by gel extraction (see 2.5.9.1)
and used for further analysis.

2.5.11.2. Mung bean endonuclease digestion

During the PCR a premature termination of the elongation step can lead to single stranded
terminal overhangs of the amplicons. These regions can lead to the formation of pseudo T-
RFs during restriction digestion by the false cleavage of enzymes at non-terminal restriction
sites [Egert & Friedrich, 2003]. Single stranded overhangs were removed by the digestion
with mung bean endonuclease (New England Biolabs, Ipswich, USA). For this digestion 50 pl
of purified PCR product (fluorescent labelled, see 2.5.7.8, 2.5.11.1) were mixed with 5.5 pl
10x mung bean reaction buffer and 2 pl mung bean endonuclease (0.5 U pl™) and incubated
for 1 h at 30°C. Subsequently, the digestion was stopped by the precipitation with isopropyl
alcohol (see 2.5.3.2).

2.5.11.3. Restriction enzyme digestion

After the mung bean digestion the terminal fluorescent labelled amplicons (see 2.5.11.2)
were used for restriction enzyme digestion. Restriction enzymes are endonucleases
recognizing specific restriction sites and thus cleaving dsDNA. Two different restriction
enzymes with different restriction sites were used (Mspl, Rsal, Figure 31).

Mspl Rsal
5. . CCGG...53 5 .. GTAC...3
3...GGCC...5 3...CATG...5

Figure 31 Restriction sites of the applied restriction enzymes Mspl and Rsal.

Therestriction sites of Mspl and Rsal (New England BiolatesspeAf)c and differ&mzymes were derived
from E.coli strain carrying Mspl gen&lfmamxellzp. ATCC 49670 and Rsal geneRfinoclopseudomonas
sphaeroidesespectively. Information and images are taken from www.neb.com.

Each restriction digestion (15 pl final volume) was set-up with 10.5 pl of amplicon and 1.5 pl

restriction enzyme QU "), 1.5 Ol 10x reaction buffer ONEE
chemicals from New England Biolabs, USA). The digestion was performed at 37°C for 4 h

and reaction was stopped by heat inactivation at 95°C for 5 min. Digested samples were

guantified with Quant-iT-PicoGreen dsDNA reagent Kit (Invitrogen, Carlsbad, CA, USA) (see

2.5.4.2) and diluted with PCR-H,O to obtain a final concentration of 0.5 ng pl™ for further

PAGE analysis (see 2.5.11.4).
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2.5.11.4. Denaturing Polyacrylamide Gel Electrophoresis (PAGE)

In order analyse the terminal labelled restriction enzymes a denaturing polyacrylamide gel
electrophoresis (PAGE) was performed. Due to the small size of pores in the gel a better
resolution and separation of DNA fragments than with agarose gels is possible.

The gel was poured between two glass plates (Boroflat glass plates, 25 cm x 25 cm x 0.5
cm) that were previously cleaned with ddH,0, ethanol (70 %) and isopropy! alcohol (80 %) in
order to remove disruptive particles. At the uppermost area of the plates a bind silane
solution (1:1 bind silane plusOne, GE Healthcare, Piscataway, MD, USA; 10 % acetate) was
applied as a thin film onto the plates to further stabilise the gel pockets. Spacers (0.2 mm)
were placed on the glass plates to separate the two plates.

The gel was prepared by mixing 15 g urea (Roche Pharma, Reinach, Switzerland), 3.75 ml of
a 40 % acrylamide-bis-solution (37.5:1, 2.6 % C; BioRad, Hercules, CA, USA), 5 ml 5x TBE
buffer (450 mM Tris, 450 mM H3Bo03, 10 mM EDTA (pH 8), and 9.25 ml ddH,O at a heating
block set to 50°C to prepare the basic solution for the polyacrylamide gel. The solution was
sterile-filtered (pore size 0.2 ym) to remove larger disruptive particles such as salts. The
polymerisat i on of the solution was started by
persul fate (440 mpMje NANNMN-tettamhethgldthylendiaminea(Invitrogen,
Karlsruhe, Germany). Immediately, the still fluid solution was poured between the two glass
plates (disruptive bubbles were removed with a thin wire), a comb (48 lanes) was inserted at
the uppermost part of the gel (area with binding solution) and the gel was allowed to
polymerise for at least 30 minutes at room temperature.

Subsequently, the glass plates including the hardened gel were placed into a NEN 4300
DNA Analyser (Licor, Lincoln NE, USA). The upper and lower buffer tanks were filled with 1x
TBE buffer, the comb was removed and the slots were flushed with buffer to remove residual
urea. Afteraprer un (16200 V, 25 min, 45AC) the pr

Samples (2 Ol) a RSOEP=24az 5 - A0 apnMicaorode, Hagwards Heath,
UK) were prepared by equally mixing with Stop-Solution (Licor, Lincoln, NE, USA),
denaturated for 3 minutes at 94 °C on thermo cycler, and chilled on ice. A total of 0.5 pl per
sample was added to flushed and urea-free slots. The gel electrophoresis was performed for
4 hours at 16200 V and 45 AC.

2.5.11.5. Analysis of T-RF profiles

After the run the gel was scanned and images were analysed with GelQuest (Version 2.6.3.;
Sequentix, Klein Raden, Germany). The program generates T-RFLP profiles, in which every
peak represents a single T-RF and the height of the peak is linked to the relative
fluorescence intensity. T-RFLP profiles of all fractions of [**C]- and [**C]-methanol
treatments were compared and shifts of T-RFs towards heavier fractions were evaluated
(Figure 58, 3.6.2). In addition, a virtual digestion by Mspl and Rsal with the online available
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t ool ONERBc O®Ht rNew Engl and Bi ol abs; http://tool ¢
selection of sequences from methylotrophic bacteria belonging to the alphaproteobacterial

Rhizobiales and Methylobacteriaceae as well as members of the betaproteobacterial
Methylophilaceae was conducted in order to roughly estimate phylogenetic affiliation of

detected T-RFs (Table 35, 3.6.2).

2.5.12. Sequencing

2.5.12.1. Sequencing by chain-t er mi nati on (6Sanger sequenci

Sequencing by chain-termination (8anger s e gSarger etialn §987) was performed
to determine the exact lengths and verify the sequences of the qPCR standards (see
2.5.8.2). Amplicons (derived after cloning and amplification) were purified by gel extraction
(see 2.5.9.1) and sequencing was done by Macrogen (Amsterdam, the Netherlands). The
sequencing primers were always the plasmid applied primers (pJET1.2 sequencing primer,
see 2.5.8.2, Table 27).

2.5.12.2. Pyrosequencing with barcoded amplicons

Sequencing by pyrosequencing [Margulies et al., 2005] was performed for 16S rRNA gene
sequences, mxaF sequences and ITS sequences from DNA of the substrate SIP and pH
shift SIP experiment (see 2.3.3). In order to assign sequences derived from different samples
all amplicons were tagged with an individual barcode by a PCR approach with barcoded
fusion primers (see 2.5.7.6).

For bacterial genes (i.e., 16S rRNA amplicons and mxaF amplicons) a two-step PCR

approach [Berry et al., 2011] was always performed to decrease bias (see 2.5.7.6). Barcoded

amplicons were gel-purified (see 2.5.9.1) and pooled equimolar resulting in different

amplicon pools. All amplicon pools were treated with PreCR Repair MIX (NEB, Frankfurt am

Mai n, Germany) according to manufactureré&s prot
damages that might have occurred during gel purification or amplicon storage (Table 33).

The reaction was incubated for 20 min at 37°C.

Table 33 Composition of the reactions with PreCR Repair Mix

Reagent [concentration] volume
PreCR Repair Mix [1x]* 1ul
ThermoPol Reaction Buffer [10x]* 5l
BSA [10x]* 5l
dNTP mix [10 mM]° 0.5 ul
NAD" [25 mM]* 0.5 ul
Barcoded amplicon pool 38 ul

x | 50 ul

a All reagents from the PreCR Repair MIX Kit (New England Biolabs)
b Equimolar mixture from 100 mM stock solutions from ROTH (Karlsruhe, Germany)
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Repaired amplicon pools were subsequently purified by isopropyl precipitation (see 2.5.3.2),

concentrated by vaporizing (still solved in 10 mM TRIS, pH 8) and then pyrosequenced at the

Gottingen Genomics Laboratory using Roche GS-FLX 454 Sequencer and GSL FLX
Titanium series reagents accor de Diggnostios GmeHhuf act u
Mannheim, Germany) as described elsewhere [Stacheter et al., 2013].

For fungal genes (i.e., ITS amplicons) the amplification followed different strategies (see
2.5.7.6) all resulting in barcoded amplicons that were subsequently sequenced. Barcoded
amplicon pools were further processed at the Department of Soil Ecology (UFZ, Halle,
Germany). Before pyrosequencing all ITS amplicon-replicates were pooled and fragments
between 400 bp and 1200 bp were gel-purified with QIAquick Gel Extraction Kit (Qiagen,
Hilden, Germany) on a Dark Reader Transilluminator (Clare Chemical Research Inc,
Dolores, CO, USA) using blue light instead of UV light. Thus, no damaging of amplicons was
assumed redundantising DNA repair kit. Amplicons were pooled equimolar and sequenced
as described elsewhere [Wubet et al., 2012].

25.123. Sequencing by synthesis (6l LLUMINA sequ

Sequences by sy nt hesi s (61 LL UMemney etsab, 008 nasiperfgrined for
16S rRNA gene sequences, mxaF/xoxF and cmuA sequences from DNA of the
methanol/chloromethane SIP experiment (see 2.3.10). The sequencing and creation of the
individual amplicon libraries was done by LGC. For 16S rRNA the different PCR samples
(ie,.6heavyo, o6middl| E® ord’€-treatinenty dupgpléemehted asubstratey im total
24 different samples) were pooled equimolar, and one NuGen Library was prepared. For
marker genes (mxaF/xoxF, cmuA) the PCR products were pooled equimolar at the University
of Bayreuth and for each sample one NuGen Library was prepared by LGC. All libraries were
sequenced using lllumina MiSeq V3 (300 bp paired-end read) with a sequencing amount of
2.5 mio read pairs.

2.5.13. Sequence analyses (filtering and clustering of raw reads)

2.5.13.1. Analyses of sequences derived from pyrosequencing

The sequence analyses of bacterial genes (i.e., 16S rRNA and mxaF/xoxF gene sequences)
was conducted at the department EMIC of the University of Bayreuth and the sequence
analyses of fungal genes (i.e., ITS gene sequences) was conducted at Department of Soil
Ecology, UFZ - Helmholtz Centre for Environmental Research, Halle by Dr. Guillaume
Lentendu. Thus, the filtering of sequences and the clustering of amplicon pyrosequencing
reads were different. Finally, clustered reads (according to similarity) were used for further
analyses (see 2.5.14, 2.5.15, 2.5.17).

Recovered reads of bacterial genes were trimmed to 446 nt (for 16S rRNA amplicons) and
461 nt (for mxaF amplicons), so that the reverse primer sequence was mostly removed.
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Amplicon pyrosequencing errors were corrected using ACACIA, i.e., homopolymer error-
correction and low quality reads were discarded [Bragg et al., 2012]. Potential 16S rRNA
chimeric sequences were filtered out using UCHIME algorithm implemented in USEARCH
and the latest RDP Gold database for high quality 16S rRNA gene reference sequences
[Edgar et al., 2011]. Before sequence clustering initial barcode sequences were modified to
re-assign amplicons (see Table A 1). Using JAguc v2.1 [Nebel et al., 2011] sequences were
clustered into operational taxonomic units (OTUS) using a pairwise sequence alignment
before creating a distance matrix and clustering with the average similarity method. Only
sequences with the correct forward primer sequence were further analysed. OTUs of 16S
rRNA were clustered on family level with 90.1 % as pairwise similarity cut-off value [Yarza et
al., 2010] and mxaF OTUs were clustered with a cut-off value of 90 %. The mxaF cut-off was
higher than previously reported [Stacheter et al.,, 2013] to obtain a higher diversity with
regard to exhibit still a relative constant number of retrieved OTUs (Figure 32). An overview
of the total number of sequences derived from pyrosequencing and after clustering is given
in Table A 4. Phylogenetic affiliation of ribosomal sequences was done by a local nucleotide
BLAST using the latest NCBI GenBank release. Affiliation was verified by manual BLAST of
t he OTUGSs r e pquenses mrtd aphylogeretic gdree using MEGA Version 6.06
[Tamura et al.,, 2013]. Affiliation of mxaF OTUs was performed by manual BLAST and
phylogenetic trees.

60

50

40

- N W R 0o
N
o~
~

i. 1
‘.‘uooom”

100 90 20

30

Number of phylotypes x10°

70 60 50 40

—
o
o
o |
o
@
o

Nucleotide sequence similarity (%)

Figure 32 Correlation between the number of detected phylotypes and the nucleotide
sequence similarities of mxaF gene sequences.

The shown correlation between all detected phylotypes and the nucleotide sequence similarity based on all detecte
mxaFgene sequences of both SIP experitentd 3§ 689 sequencegs used to determine dineilarity

threshold value of @0chosen for clustering and further analyses. Inset focuses on a sequence similarity range
between 8% and 10%.This figure has been published in Mara\2€17.
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Recovered reads for fungal genes were demultiplexed and quality trimmed using MOTHUR
[Schloss et al., 2009]. Reads that met the following criteria were further analysed: holding
one of the expected barcodes (1 mismatch allowed, for barcode sequences see Table A 2)
and the forward fusion primer sequence (includes ITS4, 4 mismatches allowed), with a
minimum length of 355 nt, a minimum average quality of 29 Phred score over the 355 first
nucleotides, maximum homopolymer length of 8 nt, and without ambiguous nucleotides. The
reads were cut to their 355 first nucleotides to avoid low quality ends and length sorting in the
following clustering step. Normalised reads (1503 counts per sample) were checked for
chimeric sequences using UCHIME [Edgar et al., 2011] as implemented in MOTHUR. Unique
sequences were sorted by decreasing abundances and were clustered into OTUs using CD-
HIT-EST [Fu et al., 2012] at a 97 % pairwise similarity cut-off value. Low abundant OTUs with
3 or less reads were removed as they potentially originated from artificial sequences [Kunin
et al., 2010]. Representative OTU sequences were classified against the dynamic UNITE
database (v7 release 01.08.2015 [Kdljalg et al., 2013]) using the MOTHUR implementation of
Wang et al. (2007) classifier. Sequences that could not assigned further than to the kingdom
Fungi were classified for a second time against a previous database including non-fungal ITS
sequences retrieved from GenBank (release 207, accessed on 06.05.2015 [Benson et al.,
2008]) in order to detect and remove non-fungal sequences. Subsequently, remaining
sequences assigned to the Fungi kingdom only were classified against the full UNITE
database to improve the taxonomic affiliation. In addition, reference sequences of selected
OTUs (representative sequence) were manually i dent i fi ed by OmassBLASTe
UNITE database to confirm affiliation. An overview of the total number of sequences derived
from pyrosequencing and after clustering is given in Table A 4.

For general community analyses and the identification of labelled phylotypes of bacterial and
fungal genes (see 2.5.14, 2.5.17.4, 2.5.17.5) sequences occurring only once within the
complete data set of all received amplicon libraries were considered as artificial errors and
thus were removed, whereas singletons in each individual amplicon library were preserved.

2.5.13.2. Analyses of sequences derived from synthesis-sequencing

The sequence analysis of raw reads obtained by
our cooperation partner at the Institute de botanique, Laboratoire GMG, Equipe AIME,
Strasbourg (analyses done by Dr. Ludovic Besaury).

For the analyses of 16S rRNA reads, the lllumina reads were analysed using mothur
software package v.1.33.2 [Kozich et al., 2013] with the default parameters of the MiSeq
standard operating protocol (http://www.mothur.org/wiki/MiSeq_SOP). Read pairs were
assembled into contigs and contigs shorter than 420 bp or longer than 460 bp were
discarded. Sequences were pre-clustered in groups of sequences with up to 2 nucleotide
differences. Putative chimeric sequences were predicted by UCHIME [Edgar et al., 2011]
and subsequently removed. The remaining sequences were assigned using naive Bayesian
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taxonomic classification on the bacterial reference database SILVA (SSU_Ref database
v.119), at a bootstrap cut-off set at 80 %. Only sequences affiliated to Bacteria and Archeae
domains were selected and other non-bacterial or archeal sequences were discarded. The
clustering into OTUs was done at a similarity threshold of 98 % sequence identity using the
automated protocol within Mothur. This also yielded a representative consensus sequence
for each OUT that was chosen as the most abundant sequence in a given OTU, and
subsequently used for sequence alignments and further analyses.

For the analyses of functional genes (i.e., mxaF/xoxF and cmuA) the raw reads were
processed using mothur software package v.1.33.2 [Kozich et al., 2013] including length
filtering and quality trimming, and allowing sequence lengths within 20 nucleotides of the
expected length of the amplicon. The USEARCH software [Edgar, 2010] was used for
clustering the obtained filtered reads. Sequences occurring only once within the complete
dataset of gene amplicon libraries were considered as artificial and were removed, whereas
singletons in individual amplicon libraries were retained. Reads were clustered iteratively at
progressively lower cut-off values, and the maximum cut-off value at which the number of
retrieved OTUs stabilized was selected according to Stacheter and colleagues (77 % for
mxaF/xoxF-type MDH) and the similarity cut-off value for the other SIP experiments (90 % for
cmuA) (see 2.5.13.1, Figure 32). In the case of all MDH related gene sequences only forward
reads (R1) were analysed in this manner because of the amplicon length (569 bp) and poor
assembly results when forward and reverse reads were assembled. Consensus sequences
for each OTU were provided by mothur. These sequences were compared against a gene-
specific database generated from GenBank using BLAST (http://blast.ncbi.nlm.nih.gov) for
taxonomic identification. Thus, a cluster table for each gene and each sample was obtained
and used for further analyses.

2514. | denti fi &ltamel lodd® phyl otypes

The 06lgadbedfl i nthex C-isoboyologues was determined by analysing relative
abundances of phylotypes in the amplicon | ibrardi
[*2C]- and [**C]-incubations of all SIP experiments (see 2.3.3, 2.3.4, 2.3.10).

The comparison of relative abund ances i n 6 h e aiCysélopdlogue incubationss o f

wi t h 6heavyC-idotopalogue i onncsu boaft i ons as wel | as a comp
and 61 ighto oismlopploguenwere cohductedh. &his procedure minimises the

false evaluation of a false-posi ti ve signal due to migration of

fractions [Lueders et al., 2004; Liu et al., 2011; Dallinger et al., 2014].
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13C 12C
partly labelled unlabelled
DNA DNA

‘Light fraction’-
derived sequences

‘Heavy fraction’-
derived sequences

Not labelled

false positive signal

Figure 33 Identification of labelled phylotypes.

The identificatiohlabelled phylotypeas based dhe comparison of amplicon libraries derived from different
fractions of the SIP treatments. The comparison of all corresponding fractions with each other enables the detectio
of falsgositive phylotypes,,they are detectable in the heavy fraéfiGulerived amplicon libraries but they

are not labelled 8g-isotopologues

Following 4 criteria had to be met determining t

(1) the abundance in the appropriate fraction (i.e., 6 heavy®b dred dmiadd i ol
respectively) of the **C-isotopologue incubation was higher than in the corresponding
fraction of the *2C- isotopologue incubation

(2t he abundance in the O6lightdé fraction was | o
of the *3C- isotopologue incubation

(3) the abundance i nhé hey ® or 6 mi the G @otopologue incubmtion o f
was O6 0.5

(4) the difference between the abundance in the compared fractions of the *C-
isotopologue incubation was higher than the individual threshold value compared to

the *2C- isotopologue incubation

In terms of the substrate SIP and pH shift SIP experiments (see 2.3.3, 2.3.4) this threshold
value was =equal for al |l t r e a@InPé. Mhesreasomfdr thias det
lowered value is justified in the dominating abundance of several phylotypes in the heavy
fractions of all treatments distorting the abundances of other phylotypes (see 3.6.3). In terms
of the methanol/chloromethane SIP experiment (see 2.3.10) the individual threshold was
adapted to the different incubation approaches (i.e., solely methanol, solely chloromethane,
and both substrates simultaneously supplemented). The individual Y of each incubation

approach was calculated using Equation 13.
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Equation 13 Individual threshold 4|, calculated for the methanol/chloromethane
SIP experiment

Y B YO
€

£, number of all detected taxa in an incubation approachHneold&E- isotopologue
treatments)

-B  'Y'Q average of the relative errors* of detected taxa in an incubation appré®&h (it
and®C- isotopologuesatments)

*calculatedsingequatiod4
Equation 14 Relative error=| F
YO prm YO
B Yol
BiL,2 ! , is the average of all relative abundances of the detected tmtaespdhding

fraction of tH&C- isotopologuesatment
"Y'O, is thestandard deviation of the detected taxa

Taxa that me t al | these criteria were considere
the calculation of the Ol abelling proportioné6 (
(Equation 15).

Equation 15 Labelling proportion, 8
100 .
LE———TRAS
B, RA®
€&, number of all o6épotentially | abell edd
BLRA®, sum of all relative abundances of

of theéC-isotopologuesatment

R AG, relative abundance of a certain taxon eamabponding fraction ofXbisotopologue
treatment

A threshold value of 5 % was used to distinguish between the labelled taxa of greater (i.e.,
, BO5 %) or minor (i.e.,, <5 %) importance [Liu et al., 2011; Dallinger et al., 2014]. The
phylotypes that were identified as labelled in the M fraction were considered as weakly
labelled, assuming that they possessed not fully labelled DNA and thus were not well
separated from non-labelled DNA.

2.5.15. Calculation of phylogenetic trees

All phylogenetic trees are based on nucleotide sequences of the genes and were created
using mainly the same approach. 16S rRNA and mxaF/xoxF tree databases include the first
1 to 3 BLAST hits of cultured and uncultured next hits (sorted by ID, nucleotide BLAST,
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https://blast.ncbi.nim.nih.gov/BLAST.cgi, using the nucleotide (nr/nt) database and the
megablast algorithm (standards settings)). Several type species of identified families or
genera as well as known methylotrophic organisms were added to both of the sequence
databases. The basis for the mxaF/xoxF database was kindly provided by Dr. Martin Taubert
and was previously applied for xoxF analyses [Taubert et al., 2015]. Before each alignment
all sequences of the nucleotide databases were trimmed, i.e., the forward primer sequences
wer e r emov e dendawere shortereed t8 dbtain consistent lengths of all sequences.
Alignments for 16S rRNA were done using the SINA Alignment Service (https://www.arb-
silva.de/aligner/) and the aligment for mxaF/xoxF sequences were done using the MUSCLE
algorithm implemented in MEGAS5 [Tamura et al., 2011]. All phylogenetic trees were
calculated using MEGA5 and maintaining the same conditions for each tree [Tamura et al.,
2011]. In total tree different trees were created.

ONei ghbour jwerée ponstrugtedt usirey éhe dNeighbour-Joining method [Saitou &
Nei, 1987]. Evolutionary distances were computed using the p-distance method [Nei &
Kumar, 2000]. Codon positions included were 15+2"+3™ and all ambiguous positions were
removed for each sequence pair. In total 100 to 1000 bootstrap replications were conducted
[Felsenstein, 1985].

6 Maxi mum | i k aérd chlaulatdd using the Makimum Likelihood method based on

the Jukes-Cantor model [Jukes & Cantor, 1969]. In total 50 bootstrap replications were
conducted and initial trees were obtained automatically by applying Neighbor-Join and BioNJ
algorithms to a matrix of pairwise distances estimated using the Maximum Composite
Likelihood (MCL) approach. Finally, the tree with the highest likelihood was shown. Codon
positions included were 15'+2"+3",

6 Maxiimm p ar s i _mowene calculaged thé Maximum Parsimony method. In total 50

bootstrap replications were conducted using the Subtree-Pruning-Regrafting (SPR) algorithm
[Nei & Kumar, 2000] and the most parsimonious tree was finally shown. Codon positions
included were 15+2"+3,

Neighbour joining trees are always shown in the figures and are the basis for congruency
evaluation with the maximum likelihood and the maximum parsimony trees. Congruencies
were indicated by circles at the nodes (i.e., congruency in all three trees is indicated by black
filled circles; congruency with the neighbour joining tree and the maximum likelihood or the
maximum parsimony tree is indicated by grey filled circles).

The phylogenetic tree of the cmuA phylotypes (Figure A 15) was created by our cooperation
partner at the Institute de botanique, Laboratoire GMG, Equipe AIME, Strasbourg (created by
Pauline Chaignaud) and is based on nucleotide sequences.
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2.5.16. Nucleotide sequence accession numbers

Published sequences obtained in this work are available from the EMBL nucleotide
sequence database (European Molecular Biology Laboratory; http://www.embl.de)

Representative sequences of labelled phylotypes derived from barcoded amplicon
pyrosequencing (i.e., substrate SIP and pH shift SIP experiments) were deposited in EMBL
under accession numbers LT607885 to LT607955 (for 16S rRNA gene), LT607956 to
LT608017 (for mxaF), and LT608018 to LT608119 (for ITS). All raw pyrosequencing datasets
were deposited in the ENA Short Read Archive under the study accession number
ERP016444, including the 16S rRNA gene, mxaF and ITS datasets.

Representative sequences of labelled phylotypes based on 16S rRNA gene sequences as
well as all detected phylotypes of mxaF/xoxF-type MDH and cmuA gene sequences derived
from 61 LLUMI NA ies emgethanol/chionomethane( SIP experiments) were
deposited in EMBL under accession numbers LT674486 to LT674490 (for 16S rRNA gene),
LT674515 to LT674539 (for mxaF/xoxF-type MDH), and LT674491 to LT674498 (for cmuA).
Al | raw datasets of the o661 LLUMINA sequen
Archive under the study accession number ERP016444, including the 16S rRNA gene
(sample group accession nhumber ERG010959), mxaF and cmuA datasets (sample group
accession number ERG010984).

2.5.17. Statistical analyses and calculations

2.5.17.1. Arithmetic mean, standard deviation, standard error, error
propagation
Since incubation experiments or measurements were conducted in replicates (duplicate /

triplicates), the arithmetic mean values (Equation 16), standard deviations (Equation 17),
standard errors (Equation 18), and error propagation (Equation 19) were calculated.

Equation 16 Arithmetic mean e
0 ¢, number of replicates
o . W B  ®, sum of all individual vadues
®, individual valte one replicate
Equation 17 Standard deviation {
o~ P .
YO :
E p w o
Equation 18 Standard error {|
YO
YO —
Ve
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Equation 19 Error propagation [ |F

00 YO

25.172. Cal cul ation of the metd¥aspée degradati on

The met hane degr ad@t iwars rcaf{Equatith&PEltised on CH,
concentration changes within one week in treatments with and without additional substrate
supplementation of the long-term incubation under mixed substrate conditions (see 2.3.1). A
stimulation of the supplemented alternative substrate was assumed if the calculated ratio
was greater than 1, and an inhibition of the supplemented substrate was assumed if the

calculated ratio was below 1.

Equation 20 Methane degradation rate 4 Y g5

5 O Y86 'Ol 6 @i Ofi &P Qa Qe 60'QQ
Yo'06Ei 6N aQAQEOQQ

Y6 'Oi 6 @i oil aXprit Q¢ Ehanyés'Qf the Lddncentration in a given time period (for example
week) in treatments with additional akesubsirates supplemented [patHol

Y806 ¢ i 01 N &'Qalasgés®i@H concentration in a given time period (for example one w
treatments solely supplemented with methangdjumol

2.5.17.3. Coverage

The coverage was calculated for all data sets derived from sequencing and is an estimator of
sufficient sampling. The coverage is an estimator concerning the amount of detected
phylotypes in comparison to the absolute number of all detected phylotypes in a sequence
database [Singleton et al., 2001].

Equation 21 Coverage p[%] of a sequence database.
i & ¢ , total number of sequences
0 prm ¢ , number of singletons (occurring only o

in a sample database)

2.5.17.4. Community analyses (diversity indices, ANOSIM, NPMANOVA,
SIMPER)
All filtered and clustered sequencing datasets (i.e., | i br ari es of 6l ighto, 01

fractions) of **C- and **C-isotopologue treatments were combined to an entire data set for
each treatment. Community analyses were always based on family level for 16S rRNA and
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ITS phylotypes and 90 % similarity cut-off for mxaF phylotypes. All statistical analyses were
performed using the software PAleontological STatistics (PAST, version 1.85 and version
3.08) [Hammer et al., 2001].

Diversity and richness estimators (i.e., dominance D, Shannon index H, equitability J, and
Chaol index) were calculated with the in PAST V1.85 implemented diversity indices
calculation (bootstrap replications: 9999; bootstrap type: percentile).

ANOSIM (ANalysis Of SIMilarities) is a non-parametric test of significant difference between

two or more groups, based on any distance measure [Clarke, 1993]. It is based on
comparing distances between groups with distances within groups. The calculated R value

(up to 1) indicates dissimilarities. NPMANOVA (Non-Parametric Multivariate ANalysis Of
VAriance, also PERMANOVA) is a non-parametric test of significant difference between two

or more groups, based on any distance measure [Anderson, 2001]. The calculated F value

indicates dissimilarities. The significance of each anal ysi s was computed
replicates. Each analysis was based on the similarity index of Bray-Curtis [Bray & Curtis,

1957] considering also the abundances of detected phylotypes.

SIMPER (SIMilarity PERcentage) is a method for assessing which taxa are primarily
responsible for an observed difference between groups of samples [Clarke, 1993]. SIMPER
was conducted as pairwise analyses of two different conditions (t, vs. tenp OF methanol
incubation vs. substrate incubation). The overall average dissimilarity is computed using all
the taxa, while the taxon-specific dissimilarities are computed for each taxon individually.
SIMPER was always based on the similarity index of Bray-Curtis [Bray & Curtis, 1957].

2.5.17.5. Visualisation by NMDS plots and heatmaps

Multidimensional scaling (MDS) is an ordination technique based on a (dis)similarity matrix
using a chosen distance metric. In nonmetric multidimensional scaling (NMDS), ranks of
these distances among all objects are calculated and the algorithm then finds a configuration
of objects in the chosen N-dimensional ordination space that matches differences in ranks
best [Kruskal, 1964; Paliy & Shankar, 2016]. NMDS is a numerical and not an analytical
met hod, thus it does not produsterassdigakusoi stc
in order to measure the lack of fit between object distances in the NMDS ordination space
and the calculated dissimilarities among objects. The NMDS algorithm then iteratively
repositions the objects in the ordination space to minimize the stress function [Dugard et al.
2014]. The stress value tends to zero when the rank orders reach perfect agreement and
stress values 00.15 are considered generally acceptable [Clarke, 1993]. The NMDS plots in
this work were created using PAST V1.85 and employing the Bray-Curtis similarity index.

All heatmaps in order to visualize congruency between analysed samples were individually
created usi ngo6(teisien 3.2.8;, R dewadopneent 6oRe team, Vienna, Austria) and
t he packaguersondy@)lamtdd 6 RCo | (versibn 2Iw2g r 6
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3.RESULTS

The following section is subdivided based on the respective C1 compounds (i.e., methane,
methanol and chloromethane) and the microbial guilde of methylotrophs utilising these
compounds.

In addition, some presented data in this section were obtained by coworkers as part of their
Bachelor thesis, Master thesis or Doctoral thesis [Gass, 2013; Ruffer, 2014; Steinen, 2014,
Chaignaud, 2016]. Michael Gass (MG) collected gPCR data that are present in section 3.1.
Vanessa Steinen (VG) established a gPCR-assay for the marker gene mxaF that was the
basis for mxaF qPCR analyses of this current work. Michael Ruffer (MR) collected data on
the CH;Cl degradation potential of different forest compartments. These data are presented
in the section 4.4.1. Pauline Chaignaud (PC) contributed to the methanol/chloromethane SIP
experiment presented in section 3.10 & 3.11.

3.1. Met hane degradati on amgth-affenibyd n d a n

USCU methanotrophs in an acidic forest soil

Methanotrophic microorganisms are the major sink for atmospheric methane [Kolb et al.,
2005, Kolb, 2009b]. Since atmospheric concentrations of methane are low, the question
arises how these methanotrophs can grow or even persist under such growth-limiting
conditions. One feasible survival mechanisms might be the utilisation of other carbon
substrates besides methane [Dunfield, 2007]. Indeed, some cultured facultative
methanotrophs affiliated to Beijerinckiaceae and Methylocystaceae were described over the
last years but are still an exception [Dedysh et al., 2005; Dunfield et al., 2010; Belova et al.,
2011; Im & Semrau, 2011]. Predominant methanotrophs at the sampling site we r leigh-6
affinityp USCU [ D etqle ROi0), which exhibit a close phylogenetic relation to known
facultative methanotrophs, suspecting the ability of a hitherto underestimated substrate
range of these high-affinity methanotrophs including common compounds within soil
environments like acetate, sugars, aromatic compounds, and hydrocarbons. Thus, low
concentrations of methane (20 ppm) and putatively alternative substrates (100 uM) were
supplemented in weekly pulses over a long incubation period to analyse the long-term effect
of substrates and incubation on the methane degradation (see 2.3.1).

Soil slurry treatments without supplemented substrates revealed a constant methane
degradation potential per week over the first 10 weeks of incubation (i.e., 50 uM CH, in total).
After 10 weeks the methane degradation per week decreased slightly and after 15 weeks of
incubation (i.e., 75 UM CH, in total) the methane degradation per week was the lowest
(Figure 34). The analysis of 16S rRNA gene copy numbers revealed an initial slight increase
of gene copy numbers from 5.9 x 10* gene copies ng™ DNA at t, to 7.8 x 10* gene copies ng’
! DNA after 6 weeks, but finally bacterial abundance dropped to 3.6 x 10* gene copies ng™

113



RESULTS

DNA after 14 weeks (Figure 34). Contrary t o 16S fspedfia pniphk geees USCU
numbers initially dropped from 3.8 x 10° gene copies ng™ DNA at t, to 9.85 x 10% gene copies

ng® DNA after 6 weeks of incubation, but increased again over time indicating a growth

supporting effect of supplemented methane (Figure 34). However, the abundance of

met hanot r o-affiliated mlidrBoyEnisms never reached the initial abundance again.

Figure 34 Methane degradation (A) and corresponding gene copy numbers of 16S
rRNAand pmoA( USCU) (B) in soil sl ur r yterinineubdtionent s during

Panel ACH concentratior(snean value®) methansupplementeatdeatments before an@rafachweekly

methane puls&he grey background indicates the timeframe corresponding to increased pulses of alternative
substrates in substrate pulsed treatments (not shown here). Error bars represent standard deviations. The arrow
indicate the tirpeints of gPCR analgsisng the incubation

Panel Bgene copy numbers of 16S rRNpnamjenes g DNA. Gene copy numbers feere determined

by triplicated gPCR measurements. Gene copy numbers for treatments are mean values afapyplicates. Gene
numbers for each replicate were determitrgdicdayed qPCR measureméntst bars indicate standard

deviation for mean val&sv gPCR data were generated by MG [GasBjf0#8}. letters indicate significant

differences betwepmoAsamms (small letters) and 16S rft#ds (capital letters) based on\Wae

ANOVA (normal distribution was assumed based eNigegtira = 3).

The observed changes in the decreasing methane degradation per week were not
explainable by changes in the abundance of bacterial or methanotrophic cell numbers. In
addition, the pH of the methane supplemented slurry incubations did not changed and
remained constant at 3.92 + 0.1 (data not shown), so that the influence of varying pH values
within the incubation are deniable. As it was observed by Pratscher and colleagues
[Pratscher et al., 2011], methane oxidation can be obviously inhibited by the manner of
incubation as shaken slurries. For that reason the incubation style might be the main reason
for the observed decreasing methane degradation per week over time.

Assuming two 2 pmoA copi es per uscu genome, as it i s
methanotrophs [Stolyar et al., 1999], and 4.13 16S rRNA gene copies per bacterial genome
[Klappenbach et al.,, 2001}, t he r el ati ve amount of uscu with r
community at the initial t, was 13.6 % (Table 34). Previous calculation of the relative amount
of USCU in Steigerwald soil revealed a contrib
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