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Abstract

Movile Cave is an unusual, isolated ecosystem which harbours a complex population of
microorganisms, fungi and endemic invertebrates. In the absence of light and with no fixed
carbon entering the cave, life is sustained by non-phototrophic microorganisms such as sulfur
and methane oxidisers. Also present are methylotrophs that use one-carbon compounds such
as methanol and methylated amines as their sole source of carbon and energy. Produced
during putrefaction, methylated amines are likely to be major degradation products in Movile
Cave. Further to being methylotrophic substrates, they are also a nitrogen source for many

non-methylotrophic bacteria.

The role of methylated amines as carbon and nitrogen sources for Movile Cave
bacteria was investigated using a combination of DNA stable isotope probing and cultivation
studies. Both, well-characterised and novel methylotrophs were identified: Methylotenera
mobilis dominated *3C-monomethylamine SIP enrichments, while members of
Catellibacterium, Cupriavidus and Altererythrobacter were also active. Cultivation studies
consolidated SIP results in obtaining the first methylotrophic isolates from the genera
Catellibacterium and Mesorhizobium. Pathways for monomethylamine (MMA) metabolism
were investigated using new PCR primers designed to target gmaS, the gene for gamma-
glutamylmethylamide synthetase, a key enzyme of the recently characterised indirect MMA
oxidation pathway. This pathway is also present in bacteria that use MMA only as a nitrogen
source, while the well-characterised, direct MMA oxidation pathway involving methylamine
dehydrogenase (mauA) is found only in methylotrophs. gmaS was present in all MMA-
utilising isolates, while mauA was found only in some methylotrophs, suggesting the indirect
pathway is the major mode of MMA oxidation both in methylotrophs and non-methylotrophs
from Movile Cave. Preliminary gmaS surveys revealed a high diversity of gmaS-containing
bacteria. The roles of N, fixers and nitrifiers were also investigated. Both bacterial and
archaeal ammonia oxidisers were found to be active; however, sulfur oxidisers appeared to be

the dominant autotrophs in Movile Cave.






CHAPTER 1

Chapter 1. Introduction



1.1 Cave ecosystems and Movile Cave

1.1.1 Hypogenic caves

On the continental earth, 97% of all unfrozen freshwater lies beneath the surface, while lakes
and rivers make up only 2% (Gilbert & Deharveng, 2002). Caves are characterised by
complete darkness, nearly constant air and water temperatures and relative humidity near
saturation. They are generally challenging environments to colonise due to nutrient and
energy limitations as well as possible oxygen deprivation (Engel 2007). The formation of
cave systems usually results from seepage of meteoric surface waters into karst formations.
As such, the energy required for the formation of these caves is entirely supplied by water, air,
gravity and fauna from the surface (Forti et al., 2002). Similarly, the biological communities
within these caves are dependent on the flow of nutrients and energy from the surface (Forti et
al., 2002; Engel 2007). However, a small percentage of the world’s caves are of hypogenic
origin, formed by fluids rising up from below. In these cases, the energy needed to dissolve
the rock and support the biological communities inhabiting the caves is supplied by ascending

water and gases (Forti et al., 2002).

The geochemistry of hypogenic caves differs depending on the origin of the rising
waters, the type of host rock and the temperature and composition of the released gases. For
biological studies, the most interesting hypogenic caves are those with still active emissions
of gases such as hydrogen sulfide (H,S) and / or methane (CH,4) resulting in an ongoing
supply of energy sources which can support extremely rich and specialised ecosystems (Forti
et al., 2002). In these cases, the food web is sustained through non-phototrophic carbon

fixation by chemolithoautotrophic primary producers.

Only few hypogenic caves have been studied so far, the two best known being Movile
Cave in Romania and Frasassi Cave in Italy. Both caves are high in hydrogen sulfide and
harbour rich and specialised ecosystems. Unlike Frasassi however, Movile Cave also contains
substantial amounts of methane (Engel, 2007). Another important difference is that while
Frasassi receives some input of meteoric water from above, Movile Cave is the only known
cave ecosystem that is completely sealed off from the surface (Sarbu et al., 1996; Forti et al.,
2002).
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1.1.2 Movile Cave — a unique underground ecosystem

Movile Cave is an unusual underground ecosystem located near Mangalia in south-eastern
Romania, a few kilometres from the Black Sea (Figure 1.1). The cave was discovered by
geologist C. Lascu in 1986, when an artificial shaft dug for geological investigations created
access to the narrow cave passages. What makes Movile Cave unique is the fact that, unlike
other caves, it does not receive any input of water from the surface, due to layers of
impermeable clays and loess that cover the limestone in which the cave is developed (Forti et
al., 2002).
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Figure 1.1 Location of Movile Cave in Southern Romania, near the town of Mangalia.

(Images taken from Google Maps, https://maps.google.co.uk/)

Since no photosynthesis occurs within Movile Cave and no fixed carbon enters from
above, life in the cave is maintained entirely by chemosynthesis (i.e. microorganisms using
energy sources other than light). Despite the lack of photosynthetically fixed carbon, the cave
hosts a remarkable diversity of invertebrates, such as worms, insects, spiders and crustaceans
(Figure 1.2). There is paleogeographical evidence to suggest that some of these animal species
invaded Movile Cave as early as 5.5 million years ago (Sarbu & Kane, 1995). Over time,
these organisms have become troglomorphic, meaning they have adapted to life in the dark,
and many of the species found are endemic to Movile Cave (33 out of 48 invertebrate species,
Sérbu et al., 1996).
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Figure 1.2 Photographs showing some of the invertebrates that inhabit Movile Cave.

Photos courtesy of Science Photo Library Limited (http://www.sciencephoto.com).

Sulfidic, chemosynthesis-based cave systems like Movile Cave bear resemblance to
deep-sea hydrothermal vents, which when discovered in the 1970s (e.g. reviews by Lutz &
Kennish, 1993; Van Dover et al., 2002; Campbell 2006) demonstrated that ecosystems exist
where life is independent from photosynthetically fixed carbon. By comparison, Movile Cave
allows much easier access than deep-sea vents, therefore providing a valuable model-system

for the study of a microbially driven, light-independent food web.

1.1.3 Movile Cave — formation and features

Although located only 20 m below ground, Movile Cave is completely isolated from the
surface by thick layers of impermeable clay and loess which cover the limestone in which the
cave is developed, preventing any infiltration of meteoric waters and reducing gas exchange
between the cave and the surface (Sarbu & Kane, 1995). While the upper passages of the cave
(~200 m long) are completely dry (as a consequence of the lack of water infiltration from the
surface), the lower level (~40 m long) is partly flooded by hydrothermal waters which contain
high amounts of hydrogen sulfide (H,S), methane (CH4) and ammonium (NH,") (Figure 1.3)
(Sarbu & Lascu, 1997). This creates an active redox interface where bacteria oxidise the
reduced compounds from the water using O, from the atmosphere. Consequently, cave
communities live only in proximity to the redox interface, while the upper dry non-sulfidic
cave passages are devoid of fauna (Forti et al., 2002). Several air bells are present in the lower

cave level (Figures 1.3 and 1.4).
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Figure 1.3 Cross-sectional view of Movile Cave

(Image taken from Muschiol & Traunspurger (2007), Nematology 9: 271-284)

Floating mat

Figure 1.4 Photograph of an airbell in Movile Cave

(Image modified from URL: http://www.geo.utexas.edu/ChemHydro/images/microhl.jpg)

Movile Cave is formed from two major corrosion processes: condensation corrosion
by CO, and acid corrosion by sulfuric acid (Sarbu & Lascu, 1997; Sarbu, 2000). Sulfuric acid
(H2SO,) corrosion which is active in the lower partially submerged cave passages is a result
of the oxidation of H,S to H,SO, in the presence of oxygen from the cave atmosphere (1).
Sulfuric acid then reacts with the limestone walls of the cave, causing accelerated erosion and
leading to formation of gypsum (calcium sulfate) deposits on the cave walls along with
release of CO, (2). This type of corrosion is highly efficient and also furthers condensation
corrosion due to the release of large quantities of CO, (Forti et al., 2002). Condensation
corrosion, which is a much slower process, affects the walls in the upper dry passages of the
cave and occurs when warm water vapour from the thermal waters ascends and condenses on
the colder walls and ceilings in the upper cave passages. CO, from the cave atmosphere
dissolves in the condensate to form carbonic acid (3) which dissolves the carbonate bedrock


http://www.geo.utexas.edu/ChemHydro/images/microh1.jpg

forming bicarbonate (4) (Sarbu & Lascu, 1997). CO; is released from (i) limestone
dissolution, (ii) the biological oxidation of methane and (iii) heterotrophic respiration
processes (Sarbu et al., 1996). Due to the absence of H,S in the upper cave levels, no effects

of sulfuric acid corrosion are encountered here (Sarbu, 2000).

(1) H.S + 2 O, — H,S0O4 (sulfide oxidation)
(2) H,SO,4 + CaCO3 + H,0 — CaSO0, - 2 H,O + CO;, (sulfuric acid corrosion)
(3) CO; + H,0 — H,CO3 (carbonic acid formation)

(4) H,CO3 + CaCO3; — 2HCO3 + Ca," (condensation corrosion)

1.1.4 Conditions in Movile Cave

() Water

The water flooding the lower level of the cave is of hydrothermal origin and high in H,S (0.2-
0.3 mM), CH,4 (0.02 mM) and NH;* (0.2-0.3 mM), while oxidised compounds are nearly
absent. The flow rate of the water is extremely low and its physiochemical properties are not
affected by seasonal climatic changes (Sarbu, 2000). The pH of the water is kept at 7.4 due to
the buffering capacity of the carbonate bedrock. Dissolved oxygen ranges between 9-16 uM
at the water surface and decreases to less than 1 uM after the first few cm, with the deeper

water being essentially anoxic (Sarbu, 2000).

(i)  Cave atmosphere

The air temperature in the cave ranges between 19 and 21°C, with the upper dry level being
slightly cooler than the air in the proximity to the thermal water, thereby favouring
condensation corrosion (Sarbu, 2000). The mean temperature remains constant throughout the
year and is considerably higher than the average for the region (8°C; Sarbu & Kane, 1995).
The relative humidity ranges between 98 and 100%. The atmosphere in the cave is depleted in
oxygen and rich in CO, and CH,4. The upper dry level of the cave contains 20-21% O, and 1-
1.2% COg, while the airbells in the lower level contain only 7-10% O, and up to 2.5% CO,, as
well as 1-2% of methane. H,S is found in proximity to the air-water interface but not in the
upper level (Sarbu, 2000). Chemoautotrophic microorganisms thrive along the redox interface
created between the oxygen in the atmosphere and the reduced compounds in the water,

thereby rapidly depleting the oxygen. Extensive microbial mats composed of bacteria, fungi
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and protozoa float on the water surface (kept afloat by rising CH,4 bubbles) and grow on the
limestone walls of the cave (Séarbu et al., 1994).

1.1.5 Evidence for isolation of Movile Cave

Since the discovery of Movile Cave, numerous studies have provided evidence that the karst
system is well isolated from the surface and based entirely on autochthonous carbon fixed
chemolithoautotrophically. For instance, the radioactive artificial nuclides *°Sr and **Cs
which were released as a result of the 1986 Chernobyl nuclear accident were found in high
concentrations in soil and in lakes surrounding Movile Cave, as well as in the Black Sea and
in sediments of other caves, but have not been detected in Movile Cave (Sarbu & Kane,
1995). Further proof that the cave is isolated comes from the absence of faecal streptococci or
pesticides (the area surrounding the cave is heavily farmed) which would indicate
contamination from above (Sarbu et al., 1994).

(i)  Incorporation of [*C] and RuBisCO activity

Incubation of microbial mat samples from the cave with [**C]-labelled bicarbonate resulted in
incorporation of radioactive carbon into microbial lipids, giving evidence for
chemoautotrophic carbon fixation at the redox interface (Sarbu et al., 1991). Furthermore,
activity of ribulose-1,5-bisphosphate carboxylase / oxygenase (RuBisCQO), an enzyme of the
Calvin cycle, was shown in mat homogenates as well as in bacterial cell lysates cultured from
cave water, supporting the hypothesis that food is being produced in situ (Sarbu & Popa,
1992, cited after Sarbu et al., 1994).

(i) Isotopic signatures

Conclusive evidence that the cave is a self-sustained ecosystem came from stable isotope ratio
analyses of carbon (*3C / **C) and nitrogen (**N / **N), a useful technique for studying food
webs because organisms fractionate isotopes in predictable ways (Sarbu et al., 1996). The
studies showed that organisms in the cave are isotopically lighter for both carbon and nitrogen
than those from the surface (which depend on food produced photoautotrophically by green
plants), suggesting their dependence on chemoautotrophically fixed carbon (Sarbu & Kane,
1995; Sarbu et al., 1996). In addition, all forms of inorganic carbon in the cave are
isotopically lighter than those from the surface (Figure 1.5). The lighter CO, in the cave

atmosphere appears to be a mixture of some heavier CO, from the dissolution of limestone by



sulfuric acid and light CO, released during the oxidation of methane by methanotrophic
bacteria and respiration processes of heterotrophic organisms (Sérbu et al., 1996, Séarbu,
2000).

| i | I L
813C (CaCOy) = -4 per mil

8'3C (HCO57) = -15 per mil

813C (CHy) = -80 per mil

Figure 1.5 Cross-sectional view of an airbell in Movile Cave, indicating isotopic carbon signatures
(Sarbu et al. (1996) Science. 272: 1953-1955).

1.2 Microbiology of Movile Cave

1.2.1 Primary producers: sulfur, methane and ammonia oxidisers

Among the major primary producers in Movile Cave are microorganisms which derive energy
from the oxidation of methane and reduced sulfur compounds, respectively. Nitrifying
bacteria are also active in the cave (Chen et al., 2009) although their relative contribution to
primary production is still unknown. CO, fixation by ammonia- and nitrite-oxidising bacteria
related to Nitrosomonas, Nitrospira and Candidatus Nitrotoga was shown in DNA-SIP
experiments with *C-labelled bicarbonate by Chen et al. (2009), suggesting that ammonia
and nitrite oxidation may be further important primary production processes in this isolated

ecosystem.
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1.2.2 Microorganisms of the sulfur cycle

(1) Sulfur-oxidising bacteria

Earlier studies on the microbiology of Movile Cave have focussed in particular on the sulfur
cycle (Sarbu et al., 1994; Vlasceanu et al., 1997; Rohwerder et al., 2003). Sulfur-oxidising
bacteria (SOB) are major primary producers in Movile and include species of Thiobacillus
and Beggiatoa as shown by isolation-based work and microscopy of samples from floating
mats (Sarbu et al., 1994; Vlasceanu et al. 1997). Most probable number (MPN) studies by
Rohwerder et al. (2003) found that in addition to aerobic SOB, facultatively anaerobic SOB
using nitrate (NO3) as an alternative electron acceptor are also active, and present in
comparably high numbers as aerobic SOB (10" CFU per gram dry weight of mat), suggesting
that both groups contribute substantially to the biomass produced. The coupling of sulfur
oxidation to denitrification could be a possible explanation for the lack of detectable NO3™ in

the water of Movile Cave.

Rohwerder et al. (2003) also found extremely acidophilic SOB, which is interesting
considering the pH of the water in Movile Cave is kept neutral due to the buffering capacity
of the limestone. However, Sarbu (2000) reported pH values of 3.8 — 4.5 on the surface of the
microbial mats covering the limestone walls in the remote airbells, suggesting that not all of
the sulfuric acid produced by SOB is immediately buffered. DNA-SIP experiments using **C-
labelled bicarbonate by Chen et al. (2009) showed that SOB from the Beta- and
Gammaproteobacteria (Thiobacillus, Thiovirga, Thiothrix, Thioploca) were particularly
active in assimilating CO,. In addition to these aerobic SOB, 16S rRNA gene-based clone
libraries of crude DNA constructed in the same study also revealed sequences related to
Sulfuricurvum, an anaerobic SOB within the Epsilonproteobacteria (Chen et al., 2009),
supporting the earlier findings by Rohwerder et al. (2003). A similar 16S rRNA gene-based
analysis of the microbial community in Movile Cave mats by Porter et al. (2009) identified
above mentioned SOB as well as sequences related to Halothiobacillus and Thiomonas in the
beta- and gammaproteobacterial group, and Sulfurospirillum in the epsilonproteobacterial
group. It is worth noting that no Archaea capable of oxidising reduced sulfur compounds have
been reported from Movile Cave or in fact any other sulfidic caves to date, probably due to

the fact that most of these grow at elevated temperatures (Engel, 2007; Chen et al., 2009).
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(i) Sulfate-reducing bacteria

Although less abundant than SOB (Rohwerder et al., 2003), sulfate-reducing bacteria (SRB)
have been found to be present in Movile Cave. They appear to belong to a higher trophic
level, using the organic carbon released by SOB and other primary producers as the electron
donor (Rohwerder et al., 2003). While dissimilatory sulfate reduction is phylogenetically
widespread, sulfate reducers in sulfidic caves appear to fall mainly within the
Deltaproteobacteria, as the other groups of SRB tend to grow at temperatures above 70°C
(Engel, 2007). Sequences related to members of the family Desulfobulbaceae were found by
two independent 16S rRNA gene based clone library analyses (Chen et al., 2009; Porter et al,
2009).

1.2.3 C; metabolism: methanotrophs and methylotrophs

(1) Methanotrophs

In addition to H,S, CHy is present in high concentrations in the water and the atmosphere of
the airbells and is an important energy source for microbial primary producers in Movile
Cave. First indications for biological methane oxidation in Movile Cave came from isotopic
signatures (Sarbu et al., 1996). DNA-SIP experiments using “*CH, (Hutchens et al., 2004)
revealed members of Methylomonas, Methylococcus and Methylocystis / Methylosinus as
active methanotrophs in Movile Cave, supplying the wider food web with fixed organic
carbon while also releasing CO, which in turn is used by autotrophic microorganisms (such as
SOB). 16S rRNA gene based surveys by Porter et al. (2009) also detected Methylomonas-

related sequences in crude DNA.

(iv) Methylotrophs

In addition to methane-oxidisers, methylotrophic bacteria which oxidise one-carbon (C;)
compounds such as methanol (CH3;OH) and methylated amines have been found to be both
abundant and active in the cave (Hutchens et al., 2004; Chen et al., 2009). Culture-based
studies by Rohwerder et al. (2003) showed numbers of culturable methylotrophs in the
floating mats of around 10° CFU per gram dry weight of mat. 16S rRNA gene-based studies
by Chen et al. (2009) suggested that the obligate methylated amine-utilising methylotroph
Methylotenera mobilis was present in high numbers, while Methylophilus and Methylovorus
were also detected. Similar studies by Porter et al. (2009) also detected 16S rRNA sequences
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related to Methylotenera and Methylophilus. Activity of the methanol-utilising genera
Methylophilus and Hyphomicrobium was demonstrated by Hutchens et al. (2004): These
organisms were co-enriched in **CH, incubation experiments as a result of cross-feeding,
suggesting that they had assimilated **CH;OH excreted by methanotrophs. These studies
suggested that cycling of C; compounds is an important process in Movile Cave. Methylated
amines are likely to be produced in large amounts in Movile Cave as a result of the
degradation of the extensive, organic-rich microbial mats on the water surface, and used as

growth substrates by specialised microorganisms.

1.2.4 Nitrogen cycling in Movile Cave
(i) Nitrification

Previous studies on the microbiology of Movile Cave have focused largely on sulfur and
carbon cycling, leaving the nitrogen cycle largely unexplored. However, recent DNA-SIP
based studies by Chen et al. (2009) implied that ammonia- and nitrite-oxidising bacteria may
be important primary producers in Movile Cave alongside sulfur- and methane-oxidising
bacteria. Further indication for nitrification comes from isotopic signatures; while ammonia /
ammonium (NHs/NH,") in the cave water is isotopically heavy; nitrogen in the microbial mat
is isotopically lighter by approximately 10 per mil in comparison. A better understanding of
the nitrogen cycle in Movile Cave is needed to determine whether these differences in
isotopic signatures are due to ammonia assimilation, or chemolithoautotrophic ammonia
oxidation (Sarbu et al. 1996).

(if) Denitrification

While NH," concentrations in the cave waters are relatively high (0.2-0.3 mM), nitrate (NO3)
has not been detected (Sarbu et al. 2000). This indicates rapid turnover of NO3™ by either
assimilatory NOj3™ reduction or denitrification. Many facultatively anaerobic sulfur oxidisers
such as Thiobacillus denitrificans are known to also be able to use NO3™ as an alternative
electron acceptor for respiration when oxygen is depleted. Sulfur oxidation-linked to
denitrification may therefore be an important process in Movile Cave. Aforementioned
findings by Rohwerder et al. (2003) support this hypothesis; they detected high numbers of
SOB in anoxic MPN enrichments with thiosulfate (S,05°") and NO3". 16S rRNA gene-based
clone libraries of crude DNA by Chen et al. (2009) furthermore revealed sequences related to

the denitrifying Denitratisoma.
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(iii)  N-fixation

Microbial dinitrogen (N) fixation may be a further significant process of the nitrogen cycle in
Movile Cave. Many bacteria in Movile Cave are known to be capable of N,-fixation (e.g.
Thiobacillus denitrificans, Beggiatoa and Methylocystis; Sarbu et al., 1994; Vlasceanu et al.
1997; Hutchens et al., 2004). However, reduction of N, to NHs; / NH4" is highly energy-
consuming and generally carried out during limitation of other nitrogen sources. Despite the
relatively high reported standing concentrations of NH," in Movile Cave (0.2 — 0.3 mM in the
water, Sarbu et al., 2000) there may well be nitrogen-depleted areas within the microbial mats

where N fixation could play a role.

1.2.5 Other microbial processes in Movile Cave

The microbial population in the anoxic zones of the water and sediment in Movile Cave are
largely unexplored. Considering the high amounts of organic matter from floating mats, and
oxygen being largely unavailable as an electron acceptor, fermentation and anaerobic
respiration, (using alternative electron acceptors such as NOs;, NO,, SO,*, CO, and
carboxylic acids) are likely to be of significance in these parts. In a recent study, the first
methanogenic archaeon was isolated from a floating mat in Movile Cave (Ganzert et al.,
2014). In addition to growing autotrophically with H, / CO,, the organism was also able to
utilise C; compounds including MMA, DMA and TMA, thereby highlighting a further role
for methylated amines as carbon and energy source for anaerobic, methylotrophic
microorganisms. The study also suggests that part of the CH,4 in Movile Cave may be derived

from methanogenesis.

Hydrogen (H;), produced during fermentation processes, may be an additional major
energy source for microorganisms in Movile Cave: H; is produced in large amounts during
anaerobic degradation of organic matter, and a physiologically wide range of bacteria and
archaea, both aerobic and anaerobic, can use H, chemolithotrophically (Fuchs & Schlegel,
2007). Anaerobic Hj-oxidisers include denitrifiers, sulfate reducers, methanogens and
acetogens. Hydrogenotrophs are often facultative chemolithoautotrophs (i.e. also able to use
organic compounds for growth), and include species of Paracoccus, Ralstonia and
Hydrogenphaga (Fuchs & Schlegel, 2007), representatives of which were also identified in
this PhD project (see Chapters 3 and 4).
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1.2.6 Proposed microbial food web of Movile Cave

Figure 1.6 gives a schematic overview of the proposed microbial food web in Movile Cave
(modified from Kumaresan et al., 2014), with those compounds and functional genes

involved in nitrogen cycling highlighted in red:
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Figure 1.6 Schematic overview of microbial nutrient cycling in Movile Cave

(Image modified from Kumaresan et al., 2014)

Two of the major energy sources in Movile Cave, methane (CH,;) and hydrogen
sulfide (H.S), enter the cave with hydrothermal waters from below (Sarbu & Kane, 1995;
Sarbu & Lascu, 1997). Methane-oxidising bacteria convert the CH4 to methanol (CH3;OH),
providing a carbon and energy source for non-methanotrophic methylotrophs in the cave,
while also releasing CO, (Hutchens et al., 2004, Chen et al., 2009). Additional sources of
CO, (or bicarbonate) are respiration processes by heterotrophic bacteria, and the dissolution
of the limestone in the cave walls (Sarbu et al., 1996, Sarbu, 2000). This bicarbonate pool
serves as a carbon source for autotrophic sulfur oxidisers, which (along with the methane
oxidisers) are the major primary producers in this self-sustained ecosystem (see section 1.2.2
(i)) They produce sulfate (SO4*) from the oxidation of reduced sulfur compounds, which
(together with sulfate minerals released from the cave walls) serves as an electron acceptor for
sulfate-reducing bacteria (SRB) who thrive in the anoxic regions of the water and sediment
(see section 1.2.2 (ii)). CO; is also fixed by nitrifying bacteria and archaea: these organisms

convert ammonia / ammonium (NHz / NH,;") to nitrite (NO,) and nitrate (NO3’), both of
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which are electron acceptors for denitrifying microorganisms, anaerobes who convert
oxidised nitrogen compounds back to dinitrogen (N2) (see sections 1.2.4 (i) and (ii)). A
further possible process in anoxic parts of the water and sediment of the cave could be the
anaerobic oxidation of NH," coupled to reduction of NO, by anammox bacteria. In addition
to being an energy source for nitrifiers (and possibly anammox bacteria), NH," is also likely
to be the main nitrogen source for the microorganisms of Movile Cave. Finally, dinitrogen
(N2) -fixing microorganisms may grow in ammonium-depleted areas of the floating mats,
reducing N, from the atmosphere, along with N, released by denitrifiers and from thermal
emissions, back to NH,". In addition to the NH," released during mineralisation
(ammonification) of organic nitrogen from dying cells, NH;" may also enter the cave with
hydrothermal emissions. Additionally, excess NH;" may be released by methylotrophic
bacteria growing on methylated amines. Methylated amines are released during putrefaction,
i.e. degradation of proteins from the organic-rich mats. They are a carbon and energy source
for aerobic, methylotrophic bacteria and anaerobic, methylotrophic archaea, as well as a
nitrogen source for many non-methylotrophic bacteria (see sections 1.2.3 (ii) and 1.5).

1.3 The microbial nitrogen cycle

This section only gives a brief overview of the microbial nitrogen cycle. More detailed
introductory material on individual processes of the nitrogen cycle (nitrification, N, fixation,

denitrification and anammox) can be found in the relevant sections in Chapter 6.

1.3.1 Overview of the nitrogen cycle

Nitrogen is one of the key elements required by all living organisms as it is an essential
building block of nucleic acids and proteins. Nitrogen exists in many oxidation states in the
environment (NHz / NH;" being the most reduced and NOs; being the most oxidised).
Reductive and oxidative conversions of these nitrogen compounds make up the
biogeochemical nitrogen cycle. Many of the processes of the nitrogen cycle are mediated
exclusively by microorganisms. The nitrogen recycled on Earth is mostly in fixed form, such
as NH;" and NO3". However, the short supply of such compounds means that nitrogen is often
the growth-limiting nutrient in the environment (Madigan et al., 2009). The vast majority of
nitrogen in nature exists as gaseous dinitrogen (N2) which is highly inert and therefore not
biologically available for most organisms; only a relatively small number of microorganisms

are able to use N as a cellular nitrogen source by nitrogen fixation (Madigan et al., 2009).
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Microbial N, fixation, the reduction of gaseous N, to ammonia / ammonium (NHz / NH,")
by specialised microorganisms is therefore a crucial step in the nitrogen cycle, making
nitrogen biologically available for other microorganisms (see Chapter 6, section 6.4).
Microorganisms subsequently assimilate NH;" into cell material in the form of organic
nitrogen (nucleotides and amino groups of protein) during ammonia assimilation. When
organic matter is mineralised by bacteria and fungi, ammonification (de-amination)
degrades the organic nitrogen back into NH4*. Unlike microorganisms, plants generally rely
on nitrate (NOj3) as a nitrogen source (Madigan et al.,, 2009). Like plants, many
microorganisms are also able to assimilate NOjz™ into cell nitrogen (nitrate assimilation).
NO; is generated by nitrification, the oxidation of NH;" to NOs", a process carried out by
two separate groups of aerobic, chemolithoautotrophic bacteria and archaea: the ammonia
oxidisers and the nitrite oxidisers, which are able to gain energy from these reactions (see
Chapter 6, section 6.3.1). Nitrification is therefore a key process in controlling the availability
of nitrogen for plants. The nitrogen cycle is completed by the reduction of NO3™ via NO, to
N, in the process of denitrification, carried out by a wide range of (facultatively) anaerobic
bacteria in the absence of oxygen as an electron acceptor (see Chapter 6, section 6.5.1).
Denitrification is the main means by which gaseous N is formed biologically (Madigan et al.,
2009). An alternative form of NOj respiration is the dissimilatory reduction of nitrate to
ammonium (DRNA) via NO,". The key organisms carrying out DNRA in the environment

are still unknown. The ecological niche of DNRA in comparison to denitrification and the
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conditions that favour the one or the other NO3" respiration pathway have yet to be determined
(Kraft et al., 2011). A second route of N, generation (in addition to denitrification) is the
recently discovered process of anaerobic ammonia oxidation (anammox) (Jetten et al.,
2009), a process carried out by specialised anaerobic bacteria able to survive by coupling the
oxidation of NH4" to the reduction of NO,", resulting in the generation of N, and thereby
bypassing the classic coupling of aerobic nitrification to denitrification (Trimmer et al., 2003;
see Chapter 6, section 6.5.2).

1.3.2 Organic nitrogen compounds in the N-cycle

Methylated amines, the central subject of this PhD study, are part of the dissolved organic
nitrogen fraction (DON). Studies of the biogeochemical nitrogen cycle typically focus on the
dissolved inorganic nitrogen (DIN) fraction which, in aquatic environments, is the sum of
NOs", NO,” and NH," (Worsfold et al., 2008). However, recent studies have highlighted that
the DON pool, derived from the growth and decay of living organisms, is the dominant form
of dissolved nitrogen in aquatic ecosystems (as much as 60 — 68%) (Figure 1.8), and a large
fraction of DON is now known to be bioavailable for microorganisms (reviews by Bronk,
2002; Berman & Bronk, 2003; Worsfold et al., 2008). In certain oligotrophic systems DON is
believed to provide the majority of nitrogen requirements (Worsfold et al., 2008). The DON
fraction is therefore becoming increasingly recognised as an important source of N-nutrition
for microorganisms as well as phytoplankton. Several studies have furthermore pointed out
that organic nitrogen far exceeds inorganic nitrogen in environments where human impact has
not altered the nitrogen cycle (van Bremen, 2002; Neff, 2003). Up to 80% of the DON pool is
comprised of low molecular mass (< 1 kDa) DON, including monomeric and small polymeric
compounds such as urea, amino acids, nucleotides, purines, pyrimidines and (methylated)
amines. However, the large majority of the low molecular mass DON fraction (> 86%) is not
identifiable at the molecular level (Worsfold et al., 2008). Proteins and polypeptides are the
major components of the high molecular mass (HMM) polymeric DON pool (> 1 kDa)
(Figure 1.9; Worsfold et al., 2008).



CHAPTER 1 17

Total fixed nitrogen

(dissolved nitrogen) (particulate nitrogen)

~40% ~ 60%1
DIN DON PON
(dissolved inorganic nitrogen) (dissolved organic nitrogen) (particulate organic nitrogen)
nitrate (NOy’) proteinaceous compounds

nitrite (NO,)
ammonia (NH;)

(low molecular mass)

e.g. urea, amino acids,

amino sugars, nucleosides,
nucleotides, methylated amines

(high molecular mass)
e.g. polypeptides, nucleic acids

Figure 1.8 Nitrogen fractions within the total fixed nitrogen pool.
(Based on review by Worsfold et al., 2008)

Particulate Fraction Dlssolved fractlon
............................................................................... g — Tore——
© NO7 g )‘co H RN, H,NJ‘HH,
: x e.g. Amino acids  e.g. Amines e.g. Urea

Organic
associated
N

NH,"

o Sy S R

Mineral
associated
N

Mineral / Detrital

e.g.Purines e.g. Pyrlmldmes e.g. Amino sugars -

: Inorganic ::
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' .. Nitrogen .~ .
ORH
: g Plysaccharid
HzN\])‘LN/J\“/N\]/COZH e.g. Plysaccharides
: H ; -
: R 0 R /T "l\"°°°"' LD
., "o
e.g. Proteins/ Peptides %) ol "} ) H> e
HN] o Lo ~ i/ H
3 CI.H_.{!H " RHCOCH,
- Polymeric Nitrogen Compounds
Colloidal ON :

Figure 1.9 Typical nitrogen components in dissolved and particulate nitrogen fractions

(Image modified from Worsfold et al., 2008)

Laboratory studies as far back as the 1970s and 1980s have shown that both bacteria
and phytoplankton are able to use organic nitrogen compounds such as amino acids, urea and
amines as their sole source of nitrogen (North & Stephens, 1971; McCarthy, 1972; Wheeler
1977, Wheeler & Kirchman, 1986; North, 1975). However, the study of the DON pool has

lagged behind that of DIN largely due to the analytical challenges involved in measuring this
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chemically complex mixture (a comprehensive review of analytical methods for DON
determination was published by Worsford et al., 2008). More recent studies evaluating the
productivity of coastal marine bacteria and phytoplankton (Seitzinger & Sanders, 1999)
demonstrated the rapid utilisation of DON from rainwater by microorganisms, coupled to a
response in biomass comparable to that of equivalent amounts of NH,", and a marked change
in community composition. Similarly, Zubkov et al. (2003) showed the dominance of certain
Cyanobacteria in oligotrophic waters as a result of their high rate of DON uptake, illustrating
the selective advantage over those microorganisms restricted to NH;", NOs~ and NO,". A
number of studies on nitrogen uptake in soils (recently reviewed by Geisseler et al., 2010)
have furthermore illustrated that direct uptake of low molecular weight DON into microbial

cells is a major route of nitrogen assimilation in the terrestrial environment.

1.4 Methylotrophy in bacteria

1.4.1 The concept of methylotrophy

Methylotrophs are organisms capable of using reduced substrates with no carbon-carbon
bonds, i.e. one-carbon (C;) compounds, as their sole source of carbon and energy (Anthony,
1982; Lidstrom, 2006; Chistoserdova et al., 2009). Bacterial methylotrophs are generally
divided into two groups; (i) those that can use CH, (= methanotrophs) and (ii) those that
cannot use CH, but are able to use C; compounds such as methanol, formate, methylated
sulfur compounds or methylated amines (= non-methanotrophic methylotrophs, usually
referred to simply as methylotrophs). Microorganisms that use carbon monoxide (CO) as
their sole carbon and energy source are referred to as carboxidotrophs and are not generally
included in the definition of methylotrophy (for reviews on carboxidotrophs see King &
Weber, 2007 and Oelgeschldger & Rother, 2008).

Methylotrophs have evolved unique biochemical pathways for both energy and carbon
metabolism (Lidstrom, 2006). A distinct feature of methylotrophic metabolism is the central
role of formaldehyde (HCHO or CH,0), a key intermediate representing the branching point
from which carbon is either further oxidised to CO, for energy generation, or assimilated into
cell biomass. Depending on the pathway used, formaldehyde can be in free from or bound to
tetrahydrofolate (HsFolate) as 5,10-methylenetetrahydrofolate (CH,= HsFolate) (Fuchs &
Schlegel, 2007). Part of the formaldehyde generated from C; compounds is oxidised to CO,

for energy generation, while the other part is assimilated into biomass by one of several
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distinct pathways (see below) (Lidstrom, 2006). Some methylotrophs (so-called “autotrophic
methylotrophs”, Anthony 1982) oxidise all the formaldehyde to CO,, and then assimilate CO,

into biomass via the classic Calvin-Benson cycle.

1.4.2 Methanotrophs

(1) Aerobic methanotrophs

Methane (CH,) is the most abundant hydrocarbon in nature, and, due to its solubility in water,
a readily available substrate for microorganisms. However, because CHy, is very stable, only a
few specialised bacteria are able to attack the CH, molecule (Fuchs & Schlegel, 2007).
Methanotrophs are widespread in aquatic and terrestrial environments wherever there are
stable sources of methane (Madigan et al., 2009). Classically, methanotrophs belong to either
the Alpha- or Gammaproteobacteria. Recently however, acidophilic methanotrophs belonging
to the largely uncultivated phylum Verrucomicrobia have been identified by several
independent studies (Op den Camp et al., 2009). Most methanotrophic bacteria are highly
specialised for growth on CH, and unable to use other alkanes or organic compounds (Fuchs
& Schlegel, 2007). Many methanotrophs can however use methanol, and there are a few
exceptions who can also use multi-carbon compounds (Boden, 2008), such as the facultative
methanotroph Methylocella silvestris (Crombie & Murrell, 2014).

Methanotrophs oxidise CH, to CO, and water via the intermediates methanol (CH3OH),
formaldehyde (HCHO), and formate (HCOO) (Trotsenko and Murrell, 2008). The first step
in the oxidation of CHy is catalysed by methane monooxygenase (MMO), a complex, copper-
containing enzyme. MMO hydroxylates CH,4 by incorporating one oxygen atom from O, into
the molecule, producing methanol. The oxidation of CH, to methanol uses NADH and O, and
does not contribute to energy generation (Fuchs & Schlegel, 2007). Methanol is further
oxidised to formaldehyde by methanol dehydrogenase. Part of the formaldehyde produced is
assimilated into cell carbon, part is further oxidised to CO, for energy generation (Fuchs &
Schlegel, 2007). The requirement of O, as a reactant in the initial oxidation step of methane
explains why methanotrophic bacteria are generally obligate aerobes (Madigan et al., 2009).
There are however some bacteria and archaea able to oxidise methane under anoxic
conditions, by coupling methane oxidation either to sulfate reduction (Knittel & Boetius,
2009), denitrification (Ettwig et al., 2010; Haroon et al., 2013) or reduction of iron or
manganese oxides (Beal et al., 2009).
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(i) Methane oxidation under anoxic conditions

In recent years, a number of studies have revealed that there are microorganisms able to
oxidise methane under anoxic conditions (Knittel & Boetius, 2009; Ettwig et al., 2010;
Haroon et al., 2013). In some cases, the anaerobic oxidation of methane (AOM) is afforded by
symbiotic relationships between microorganisms, in other cases a single microorganism is
able to carry out the process. In some cases, the responsible microorganisms have not yet been
identified.

Anaerobic methane oxidation (AOM) driven by SO,* is mediated by a syntrophic
consortium of archaea and sulfate-reducing bacteria (Knittel & Boetius, 2009). The archaeal
partner is the “anaerobic methanotroph” (ANME). ANME archaea are very closely related to
methanogenic archaea and it has been suggested that AOM is an enzymatic reversal
of methanogenesis (Scheller et al., 2010). Because the responsible organisms have not been
isolated, it is still unclear how the syntrophic partners interact and which intermediates are
exchanged between the archaeal and bacterial cell. Similarly, AOM coupled to the reduction
of manganese (birnessite) and iron (ferrihydrite), respectively, has been demonstrated in
enrichment cultures containing both bacteria and archaea from marine methane seeps (Beal et
al., 2009).

Nitrite-dependent anaerobic methane oxidation (n-damo) is a recently discovered
process mediated by the uncultivated bacterium Candidatus Methylomirabilis oxyfera
(member of the NC10 phylum). Based on isotopic labelling experiments, it is hypothesised
that M. oxyfera has an unusual intra-aerobic pathway for the production of oxygen via the
dismutation of nitric oxide (NO) into N, and O, (Ettwig et al., 2010). While Candidatus
M. oxyfera oxidises CH, in the absence of oxygen, the organism still employs the classic
oxygen-requiring MMO (Chistoserdova, 2011). ANME-archaea had previously been co-
enriched with Candidatus M. oxyfera in bioreactors fed with CH, and NOj, raising the
possibility that this ANME group may be involved in AOM coupled to NO3™ reduction (Hu et
al., 2011; cited after Haroon et al., 2013).

Following on from the discovery of nitrite-driven AMO by Candidatus M. oxyfera, a
recent study confirmed that the co-enriched ANME archaea, members of a novel archaeal
lineage, are able to perform AMO coupled to nitrate reduction (Haroon et al., 2013). The
organism, Methanoperedens nitroreducens, is able to perform methane oxidation without a
partner organism via reverse methanogenesis with NO3 as the terminal electron acceptor.

Interestingly, the NO,™ produced by M. nitroreducens is reduced to N, through a syntrophic
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relationship with an anammox bacterium. It has been suggested that the genes for NOs
reduction have been laterally transferred from a bacterial donor (Haroon et al., 2013).

Table 1.1 Overall reactions for methane oxidation with different electron acceptors.

Methane oxidation process: Overall reaction

Aerobic: CH,+0,—>CO,+2H,

Coupled to sulfate reduction: CH, + SO, — HCO5 + HS + H,0

Coupled to nitrite reduction: 3CH,+8NO, +8H" —3CO,+4N,+ 10 H,0
Coupled to nitrate reduction: CH;+4 NO; — CO, + 4 NO, + 2 H,0

Coupled to manganese reduction: CH,+ 4 MnO,+ 7 H" — HCO;3 + 4 Mn?" + 5 H,0
Coupled to iron reduction: CH,+ 8 Fe(OH); + 15 H* — HCO; +8 Fe** + 21 H,0

(iii)  Formaldehyde metabolism in methanotrophs

In aerobic methanotrophic bacteria, there are two possible pathways for the assimilation of
formaldehyde into cell material: the ribulose monophosphate (RuMP) cycle in
gammaproteobacterial  (type 1) methanotrophs, or the serine pathway in
alphaproteobacterial (type 11) methanotrophs. Some methanotrophs also possess the Calvin-
Benson cycle in addition to one of the above pathways, however, only verrucomicrobial
methanotrophs appear to rely on this route for carbon fixation (Chistoserdova, 2011). Both the
RuMP and the serine pathway are also used by non-methanotrophic methylotrophs (details of
the pathways are given below in section 1.4.5). The remaining formaldehyde (used for energy
generation) is oxidised first to formate and then further to CO, via either one of two unrelated
pathways: The first pathway employs enzymes that use the coenzyme tetrahydrofolate
(HsFolate); the second pathway employs the coenzyme tetrahydromethanopterin
(HsMPT). At the end of either pathway, electrons from the oxidation of formaldehyde enter
the electron transport chain generating a proton motive force from which ATP is synthesised

(Madigan et al., 2009). Both pathways are also used by methylotrophs (see below).
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1.4.3 Methylotrophs

Methylotrophs who use C; compounds other than CH, are widespread in nature and very
diverse, including not only aerobic bacteria, but also yeasts as well as some methanogenic
archaea. However, this PhD thesis focuses on aerobic methylotrophic bacteria. Aerobic
methylotrophic bacteria include obligate methylotrophs, specialised for use of a few C;
compounds (e.g. Methylotenera, Kalyuzhnaya et al., 2006a), as well as many generalists
(facultative methylotrophs) who can use organic acids and sugars, and use C; compounds
when other substrates are limiting (Fuchs & Schlegel, 2007). Representatives of aerobic
methylotrophic bacteria are found within proteobacterial phyla as well as in gram-positive
bacteria (Lidstrom, 2006, Boden, 2008). C; substrates used by methylotrophs include
methanol, methylated amines, halogenated methanes and methylated sulfur species (Anthony,
1982; Lidstrom, 2006). Figure 1.10 gives an overview of the metabolism of C; compounds by

aerobic methylotrophic bacteria (Lidstrom, 2006).
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Figure 1.10 Metabolism of C; compounds by aerobic methylotrophs (Lidstrom, 2006)

1, methane monooxygenases; 2, methanol dehydrogenase; 3 formaldehyde oxidation system;
4 formate dehydrogenase, 5, halomethane oxidation system; 6, methylated amine oxidases;
7, methylamine dehydrogenase (or indirect pathway described in Figure 5.1b); 8, methylated sulfur
dehydrogenase or oxidase. Abbreviations: RuUMP = ribulose monopshosphate, CBB = Calvin-
Benson-Bassham. *Note that formaldehyde (HCHO) can be bound to HsFolate as CH,=H4Folate in

some pathways. Image adapted from Lidstrom, 2006
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Anaerobic methylotrophs

While most well-studied methylotrophs are obligate aerobes, denitrifying methylotrophs -
such as Paracoccus denitrificans and many Hyphomicrobium species - are known
(Chistoserdova, 2009). However, methylotrophy coupled to use of electron acceptors other
than O, has so far only been shown for methanotrophs (see above). It has been suggested
however that there may be a link between methanol utilisation and denitrification
(Chistoserdova, 2009; Kalyuhznaya et al., 2009): Methanol is commonly used as a
denitrification-enhancing compound in waste water treatment and several known
methylotrophs (belonging to Methylophilaceae, Rhodocyclaceae, Paracoccus and
Hyphomicrobium, respectively) have been detected in the sludge communities
(Chistoserdova, 2009). While it remains unclear whether the same organisms that perform
denitrification consume methanol (Chistoserdova, 2009), some methylotrophs from the genus
Methylotenera have been reported to require NO3™ for growth on methanol under aerobic
conditions, even when NH," is present, suggesting use of NOs™ as an electron acceptor rather
than just a source of nitrogen (Kalyuhznaya et al., 2009). However, none of the above
organisms have shown growth under anoxic conditions when tested (Kalyuhznaya et al.,
2009), making further studies necessary to determine whether methanol is oxidised

anaerobically.

There are some methanogenic archaea (from the order Methanosarcinales) that are
able to use C; compounds such as methanol or methylated amines as their sole source of
carbon and energy in the absence of H; as an electron donor. In this case, the C; substrate
functions both as electron donor and electron acceptor (=disproportionation): Some of the
methyl groups are oxidised to CO, (which is then assimilated into cell carbon via the
reductive acetyl-CoA pathway), and some methyl groups are reduced to CHy, using the

electrons released from the oxidation part of the pathway (Fuchs & Schlegel, 2007).
For example: 4 CH3;0H — 3 CH4 + CO, + 2 H,0

In this example, one molecule of methanol is oxidised to CO,, providing enough electrons for
the reduction of three molecules of methanol to CH,. Or, in other words, three molecules of
methanol have to be reduced to methane for the oxidation of one molecule of methanol to
CO,. A methanogenic archaeon capable of methylotrophic growth on methylated amines was
recently isolated from Movile Cave (Ganzert et al., 2014), indicating that methylated amines
may be an important growth substrate not only for aerobic methylotrophs, but also for
methanogenic archaea thriving in the anoxic regions of Movile Cave.
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A further group of strict anaerobes able to grow methylotrophically are the
homoacetogenic bacteria, organisms that catalyse the formation of acetate from CO, or C;
units (Diekert & Wohlfahrt, 1994). Like methanogens, these organisms mainly use H, plus
CO;, as growth substrates. Instead of H,, homoacetogens can also use multi-carbon
compounds and C; compounds (e.g. CO, formate or methyl compounds) as electron donors
(Madigan et al., 2009). The most important methyl substrates used by homoacetogens are
methanol, methyl chloride and methoxylated aromatic compounds (only the methoxyl group
is used in the latter case) (Diekert & Wohlfahrt, 1994).

Table 1.2 Overall reactions for aerobic and anaerobic oxidation of methylated substrates

Methylotrophic | Aerobic Oxidation A_naeroblc_ . Anaerobic oxidation
- - disproportionation - .
substrate (Aerobic bacteria) . (Homoacetogenic bacteria)
(Methanosarcinales)

Methanol 2 CH3OH +3 02 i 4 CHgoH - 4 CH3OH +2 COZ +2 Hzo -
2C0O,+4H,0 3CH4+CO, +2H,0 3 C,H0, +7H +4 OH
(AG% =-1379 kI mol™) (AGY =-265 kJ mol™) (AG% =-672 kJmol™)

MMA 2CH3NH, +30,+2H'— | 4 CH3sNH, + 2 H,0 + 4 H' 4 CH3NH, + 2 CO, + 6 H,0 —
2NH,"+2CO,+2H,0 — 3 CH,+ CO, +4NH," 3 CyH,0, + 4 NH, + 4 OH° ')
(AG% =-1339 ki mol™) (AGY =-94 kJ mol ™) (AG” = -333 kJ mol™)

DMA (CH3);NH +3 0, + H"— 2(CH3);NH + 2 H,0 + 2H* 2 (CH3),NH + 2 CO, + 7 H,0 —
NH,*+2 CO, + 2 H,0 — 3 CH,; + CO, + 2 NH," 3 C,H,0,+2NH, +50H +3H" r)
(AG” =-1359 ki mol™) (AGY =-131 kJmol™?) (AG” = -451 kJ mol™)

TMA 2(CH3)sN+90,+2H"— | 4(CH3)sN+6H,0+4H" 4 (CH3)3N + 6 CO, + 6 H,0 + 4H"
2NH4++6C02+6H20 i 9CH4+3C02+4NH4+ —>9C2H402+4NH4+
(AG" =-4084 k] mol™) (AG" =-414 kJ mol™®) (AG" = -160 kJ mol™)

AGY calculations are based on AG{”" values for aqueous compounds at pH7 as listed in Supplementary
Table S1, Appendix. Note: Growth of homoacetogens with methylated amines has not yet been

reported to the author’s knowledge.

1.4.4 Formaldehyde oxidation

Oxidation of formaldehyde is an important step in methylotrophic metabolism, not only in
terms of energy generation but also to keep intracellular levels of formaldehyde at non-toxic
levels. Many methylotrophs possess more than one formaldehyde oxidation pathway
(Chistoserdova, 2011).
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() Linear pathways

There are four linear pathways for formaldehyde oxidation: The simplest formaldehyde
oxidation system is by one of several formaldehyde dehydrogenases which convert
formaldehyde to formate. Formaldehyde dehydrogenases can be NAD", mycothiol- or
glutathione-linked (Lidstrom, 2006). However, it has been suggested that formaldehyde
dehydrogenases function mainly in formaldehyde detoxification rather than playing a major
dissimilatory role (Lidstrom et al., 2006). An alternative formaldehyde oxidation pathway in
methylotrophs involves tetrahydrofolate (HsFolate), a coenzyme widely involved in C;
transformations (Fuchs & Schlegel, 2007). In this pathway, formaldehyde is bound to
HyFolate as 5,10-methylene tetrahydrofolate (CH,=H4Folate), which is then oxidised to
formate and HsFolate. A third, analogous, formaldehyde dissimilation pathway, involves
tetrahydromethanopterin (H;MPT), a cofactor which also functions as a C; carrier during the
reduction of CO, to CH,4 by methanogenic Archaea (Fuchs & Schlegel, 2007). In this pathway
formaldehyde is bound to HsMPT as methylene tetrahydromethanopterin (CH,=H;MPT),
which is then oxidised to methenyl HyMPT (CH-H4MPT). The details of the final oxidation
step in this pathway are still not known. This elaborate, multi-enzyme pathway appears to be
the most widespread formaldehyde oxidation system in methylotrophs (although serving an
auxiliary function in those organisms that possess the cyclic formaldehyde oxidation
pathway) (Chistoserdova, 2011). In all three of these pathways, the resulting formate is
oxidised to CO, by formate dehydrogenase (Lidstrom, 2006). Finally, anaerobic
methylotrophs use the reductive acetyl-CoA pathway (see below); this pathway serves both
the oxidation of C; compounds to CO, and the assimilation of C; compounds into cell
material via acetyl-CoA.

(i) Cyclic pathway

In addition to these linear formaldehyde oxidation pathways, a cyclic formaldehyde
oxidation pathway exists which employs the reactions and enzymes of the ribulose
monosphosphate (RuMP) pathway used for formaldehyde assimilation (see below), with
addition of the enzyme 6-phosphogluconate dehydrogenase (Lidstrom 2006; Chistoserdova,
2011). In methylotrophs possessing this pathway along with one of the linear pathways, the
cyclic pathway seems to be the major mode of formaldehyde detoxification and oxidation
(Chistoserdova, 2011).
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1.4.5 Formaldehyde assimilation

The assimilation of formaldehyde into one of the precursor molecules that enter central
metabolism for assimilation into biomass can proceed via a number of pathways: In the
RuUMP cycle all carbon is assimilated at the level of formaldehyde, while in the serine cycle,
some carbon is assimilated at the level of CO,. Those methylotrophs that use the Calvin-
Benson cycle assimilate all C; units at the level of CO, (Fuchs & Schlegel, 2007,
Chistoserdova, 2011). In principle, the aerobic formaldehyde assimilation pathways could
also function in anaerobes (Fuchs, 2009). However, anaerobic methylotrophs use the
reductive acetyl CoA pathway (the same pathway that is also used for CO, fixation by
strictly anaerobic autotrophs).

1) Ribulose monosphosphate cycle (RuMP cycle)

The ribulose monophosphate cycle (RUMP cycle, also hexulose phosphate cycle; Figure 1.11)
is used by type I methanotrophs and some facultative methylotrophs. This cyclic pathway
involves the condensation of formaldehyde with a five-carbon acceptor molecule, followed by
oxidation of the resulting six-carbon compound (Lidstrom, 2006). The carbohydrate products
of the RUMP cycle are three-carbon sugar phosphate molecules, or triose phosphates, (also
glyceraldehyde 3-phosphate, G3P). The net reaction after three rounds of the cycle is (Fuchs
& Schlegel, 2007):

3 CH,0O + 2 ATP — 1 triose phosphate + 2 ADP + Pi

Three formaldehyde molecules thus generate one triose phosphate which enters the central
metabolism for assimilation into cell carbon. The RuMP cycle therefore bears similarity to the
Calvin-Benson cycle (Fuchs & Schlegel, 2007). The substrate for the initial reaction in this
pathway, ribulose-5-phosphate (RuMP), is very similar to the C; acceptor in the Calvin-

Benson cycle, ribulose 1,5 bisphosphate (Madigan et al., 2009).

A schematic overview of the RuMP cycle is given in Figure 1.11: In the first step of
assimilation, free formaldehyde is added to the metabolite ribulose-5-phosphate (1). The
product of this condensation reaction, hexulose-6-phosphate, is then isomerised to fructose-6-
phosphate (2). Out of three molecules fructose-6-phosphate, two are assimilated into four
molecules triose phosphate (via the intermediate fructose-1,6-bisphosphate), a step that
requires two molecules of ATP (3). One molecule of triose phosphate leaves the cycle for cell

synthesis (4); the remaining three are rearranged together with the third molecule of fructose-
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6-phosphate to re-generate the formaldehyde acceptor ribulose-5-phosphate (5) (Fuchs &
Schlegel, 2007; Madigan et al., 2009). Only two enzymes, hexulose phosphate synthase
(HPS) and hexulose 6-P isomerase (HPI), are specific to the RuMP cycle (Chistoserdova
2011) (the remaining enzymes of this pathway are common in sugar transformations in many
organisms), and high activities of these enzymes are typically signatures of methylotrophy via
the RUMP cycle (Anthony, 1982, Lidstrom, 2006). It should be noted however that the RUMP
cycle is also used for formaldehyde detoxification by non-methylotrophic bacteria
(Chistoserdova, 2011).

3 Cq
Fructose-6-phosphate 2 ATP

3 Cs / HPI 2 ADP +2P,

Hexulose-6-phosphate

(o)
3 Jk @ HPS Ce 4 C;
H H Fructose-6-phosphate Triosephosphate

Formaldehyde
v, @
Ribulose-5-phosphate @ Cs

Triosephosphate

Transaldolase
Transketolases

Figure 1.11 The ribulose monophosphate (RuUMP) cycle

Abbreviations: HPS, hexulose phosphate synthase; HPI, hexulose 6-P isomerase

The RuMP cycle is more efficient than the serine cycle because all of the carbon for cell
material is derived from formaldehyde, and because formaldehyde is at the same oxidation

level as cell material, no reducing power is needed (Madigan et al., 2009).

2) Serine cycle

In this pathway, a two-carbon unit, acetyl-CoA, is synthesised from one molecule of 5,10-
methylenetetrahydrofolate (CH,=HjFolate) and one molecule of CO, through a series of
reactions involving amino acids and organic acids (Figure 1.12): CH,=HjFolate (abbreviated
as CH,=THF in Figure) and glycine are condensed to form serine, releasing HsFolate (THF in
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Figure) (1). Serine is further converted to PEP in a stepwise reaction (2-5) via
hydroxypyruvate, glycerate (using one NADH) and 3-phosphoglycerate (using 1 ATP). Under
addition of a molecule of CO,, PEP is converted to oxalacetate (6), which in turn is reduced to
malate (using one NADH) (7). Malate is activated to malyl-coA (using 1 ATP) (8) which is
cleaved into two C,-compounds, acetyl-CoA and glyoxylate (9). The amino group from serine
is transferred onto glyoxylate (10), thus regenerating the formaldehyde acceptor glycine,
completing the cycle. In total, the serine pathway requires two NADH for reducing power and
two ATP for energy for every acetyl-CoA synthesised. Acetyl-CoA is assimilated into
biomass via the glyoxylate cycle (Fuchs & Schlegel, 2007). The serine pathway is specific to
methylotrophs (Chistoserdova, 2011) but it uses a number of enzymes also involved in other
common metabolic pathways (such as the citric acid cycle) and one enzyme, serine
transhydroxymethylase (STHM), unique to this pathway (Madigan et al., 2009). The other
two key enzymes of the serine cycle are hydroxypyruvate reductase (HPR) and serine
glyoxylate aminotransferase (SGA) (Chistoserdova, 2011). The overall reaction of the serine

cycle can be summarised as:
1 CH,O + CO, + CoA + 2 ATP + 2 NADH + 2H" -
Acetyl-CoA + 2 NAD" + 2 ADP + 2 P;+ H,O (Madigan et al., 2009)

CH,=THF

. L@JTHF

SGA 2 STHM™ C3
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Acetyl-CoA ‘\/@ [NH,] Cs
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L-Malyl-CoA HeRG) F»N o
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CoA-SH 4 ATP
Malate @
ADP +P,
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NAD+)>\
c 3-Phosphoglycerate
NADH/H* o 4| - S/FD(
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® c,
pep H20
Pi HCO3-

Figure 1.12 The serine cycle
Abbreviations: THF, tetrahydrofolate; STHM, serine transhydroxymethylase; CoA-SH, Coenzyme A

SGA, serine glyoxylate aminotransferase; HPR, hydroxypyruvate reductase
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3) Reductive Acetyl-CoA pathway (anaerobic pathway)

The reductive acetyl-CoA pathway (also Wood-Ljungdahl pathway) is used by strict
anaerobes as a means of carbon fixation as well as energy conservation from CO, or C;
compounds (Fuchs & Schlegel, 2007). In addition to anaerobic autotrophs (homoacetogens,
methanogens, some sulfate reducing bacteria and archaea) this unusual pathway is also used
by anaerobic methylotrophs (i.e. certain methanogens and homoacetogens, see above). The
reductive acetyl-CoA pathway catalyses the parallel reduction of two C; units (from CO, or
C, compounds) to acetyl-CoA, catalysed by the bifunctional key enzyme CO dehydrogenase /
acetyl-CoA synthase (Figure 1.13): one C; molecule is reduced to the methyl group of acetyl-
CoA (by a series of reactions involving either the coenzyme HjFolate or the coenzyme
H4MPT), while the other C; unit ends up in the carbonyl position. The two units are then
assembled to form acetyl-CoA. ATP is synthesised when a sodium maotive force is established
during the formation of acetyl CoA (in homoacetogens, there are additional energy-
conserving steps during the conversion of acetyl-CoA to acetate.) Acetyl-CoA, the end
product of the pathway, is subsequently converted to triose phosphate which enters central
metabolism for assimilation of carbon into cell material (Madigan et al., 2009; Fuchs &
Schlegel, 2007).
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HCOOH HCHO H;OH, —-O-CHj,

ATP -N-CH;,
2[HIADP + Pi ,0  2MH] 2[H] =S-CH;
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Bi, Ni-Fe-enzyme —C—
I
. (@)
COo, 7 > CO— Ni-Fe-enzyme
2[H] T
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Carbonyl branch co Na*
motive force
v ,/O
—C\
SCoA ATP
v

Cell carbon

Figure 1.13 The reductive Acetyl-CoA pathway (image adapted from Fuchs & Schlegel, 2007)
Abbreviations: THF, tetrahydrofolate; HS-CoA, Coenzyme A
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4) Assimilation of C; units via the Calvin-Benson cycle

In addition to the above pathways which assimilate carbon at the level of formaldehyde, some
methylotrophs assimilate carbon at the level of CO, (resulting from the oxidation of
formaldehyde), using the classic Calvin-Benson cycle. These methylotrophs are sometimes
referred to as ‘““autotrophic methylotrophs” (Anthony, 1982). Some methylotrophs use the
Calvin-Benson cycle as their only means of C; assimilation, others in addition to other C;
assimilatory cycles (assimilation of C; compounds at the oxidation state of formaldehyde
affords major energy savings compared to carbon assimilation from CO,, Madigan et al.,
2009). Methylotrophs that use the Calvin-Benson cycle include alphaproteobacterial
methylotrophs (e.g. species of Paracoccus and Xanthobacter), methanotrophic
Verrucomicrobia (M. infernorum) and methanotrophs of the NC10 phylum (Candiatus M.
oxyfera) (Chistoserdova, 2011).

1.5 Methylated amines as carbon, energy and nitrogen sources

The role of methylated amines as carbon, energy and nitrogen sources for bacteria in Movile
Cave is the main subject explored in this PhD thesis. Methylated amines are dissolved organic
nitrogen compounds produced during the decomposition of protein (Lee, 1988; Neff et al.,
2003). Typically, methylated amines are associated with saline ecosystems (Lee, 1988; Wang
& Lee, 1990; Abdul-Rashid et al., 1991, Gibb et al., 1995; Fitzsimons et al., 1997, 2001,
2006), where they are largely produced during degradation of trimethylamine N-oxide
(TMAO) and glycine betaine, compounds commonly used as protein-stabilising osmolytes by
marine organisms (Barrett, 1985; King, 1988; Lin & Timasheff, 1994). Major anthropogenic
sources of methylated amines are animal husbandry, biomass-burning and pesticides
(Latypova et al., 2010). There are fewer studies on the distribution of methylated amines in
terrestrial and freshwater environments (e.g. Yu et al., 2002). Usually, methylated amines are
present at low concentrations in natural environments, likely due to rapid microbial
degradation (Oremland et al., 1982; King et al., 1983, cited after Latypova et al., 2010).

Formally, methylated amines are derivatives of ammonia, where one or more
hydrogen atoms have been replaced with a methyl group, resulting in primary, secondary or

tertiary amines:
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Methylotrophs utilising methylated amines as a carbon and energy source are
phylogenetically diverse, ubiquitous in the environment and often metabolically versatile (e.g.
Bellion & Hersh, 1972; Colby & Zatman, 1973; Levering et al., 1981; Anthony, 1982;
Bellion & Bolbot, 1983; Brooke & Attwood, 1984; Kalyuzhnaya et al., 2006b; Boden et al.,
2008). New methylotrophs are still being identified from a wide range of environments,
including genera not previously associated with methylotrophy, and novel metabolic
pathways (see recent reviews by Chistoserdova et al., 2009; Chistoserdova 2011). Generally,
methylotrophs who use methylated amines for carbon and energy purposes also use the
resulting NH4" as a nitrogen source. However, there may be exceptions where additional

NH," is required for growth on methylated amines (Chistoserdova, 2009).

In addition to being methylotrophic substrates, methylated amines can also be used as
a nitrogen (but not carbon) source by a wide range of non-methylotrophic bacteria (Bicknell
& Owens, 1980). As discussed above, dissolved organic nitrogen (DON) compounds are
increasingly being recognised as a major source of nitrogen for microorganisms and
phytoplankton (Bronk, 2002; Berman & Bronk, 2003; Worsfold et al., 2008). While
utilisation of monomethylamine (MMA) as a bacterial nitrogen source was reported over 40
years ago (Budd & Spencer, 1968, Bicknell & Owens, 1980; Murrell & Lidstrom, 1983;
Glenn & Dillworth, 1984), details of the metabolic pathways involved have only recently
been identified (Latypova et al., 2010; Chen et al., 2010a, 2010b). The details of these
pathways are covered in the introduction to Chapter 5. Sequestering nitrogen without
assimilating the carbon from methylated amines means that the C; units from MAs need to be
further oxidised. In Roseobacter Clade bacteria it has been shown that H4F is the C; carrier
for this (Chen, 2012), but other C; oxidation pathways (see above) might be used by other
non-methylotrophs.

For completeness, it should be pointed out that recent studies on methylated amine
metabolism in the ocean have revealed that some heterotrophic bacteria appear to oxidise C;
compounds (including TMA and TMAO) purely for energy generation, without assimilating
the carbon (Boden et al., 2011; Sun et al., 2011; Lidbury et al., 2014). These studies suggest
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that methylated amines, in addition to being methylotrophic substrates and nitrogen sources,

may also be important energy sources for heterotrophic bacteria.

Metabolism of methylated amines

Metabolism of higher methylated amines (DMA, TMA, TMAO) involves the stepwise
demethylation of the substrate to MMA, removing one methyl group a time (Anthony, 1982).
This means metabolism of methylated amines always involves the utilisation of MMA. In
general, the methyl groups of methylotrophic substrates are oxidised to the level of
formaldehyde by oxidases and / or dehydrogenases (the dehydrogenases are generally coupled
to energy metabolism while the oxidases are usually non-energy conserving, Lidstrom, 2006).

TMA can be oxidised to DMA via two different pathways in Proteobacteria (Anthony,
1982; Lidstrom, 2006; Chen, 2012): In the first pathway, TMA is oxidised to DMA and
formaldehyde by TMA dehydrogenase. In the second pathway, a TMA monooxygenase
oxidises TMA to TMAO, which is subsequently demethylated to DMA and formaldehyde by
TMAO demethylase. This pathway is also used by non-methyltrophs to sequester N from
TMA (Chen, 2012). DMA is oxidised to MMA and formaldehyde by DMA monooxygenase.
The detailed MMA oxidation pathways are covered in the introduction to Chapter 5 in
connection with key marker genes for the identification of methylated amine-utilising
bacteria. Briefly, MMA utilisation occurs either by oxidation of MMA into formaldehyde (by
MMA dehydrogenase or MMA oxidase), only found in methylotrophic bacteria so far
(Gruffaz et al., 2014), or by an indirect pathway involving the stepwise oxidation to
methylene-Hs;F via one or more methylated amino acids. In both cases, the resulting
intermediate formaldehyde is metabolised via the normal methylotrophic assimilatory and

dissimilatory pathways (see above).
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Figure 1.14 Demethylation of trimethylamine (TMA) to monomethylamine (MMA)

(Image modified from Chen, 2012). For monomethylamine oxidation pathways see Figure 5.1

The NH,;" produced during the degradation of methylated amines is used as a nitrogen
source through assimilation into glutamine and glutamate, the precursors for the synthesis of
cellular nitrogen compounds, via one of the bona fide NH," assimilation pathways: Glutamate
can be synthesised either via an NADP-linked glutamate dehydrogenase (GDH), or via the
combined action of glutamine synthetase (GS) and glutamate synthase (glutamine
oxoglutarate aminotransferase, GOGAT) in the GS-GOGAT pathway. The latter pathway is
generally used under low NH;" concentrations, due to the higher affinity of GS to NH,"
compared with GDH (Baev et al., 1997; Chen, 2012).

1.6 Aims and approach of this PhD project

As outlined above, existing studies of the microbial food web in Movile Cave have not
yet investigated the nitrogen cycle in this unusual ecosystem. Therefore, the overall aim of
this PhD project was to gain insight into selected processes of the microbial nitrogen cycle in
Movile Cave and identify key organisms actively involved in these processes. With the
emphasis being on the utilisation of methylated amines as both carbon and nitrogen sources,
the project also touched upon the carbon cycle in Movile Cave. (Previous studies on
methylotrophy in Movile Cave have focused on methane and methanol utilisation; Hutchens

et al., 2004). In addition to methylated amine utilisation, the roles of nitrification and
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N,-fixation were investigated. Other aspects of the nitrogen cycle were only touched upon
using PCR-based studies. In the course of the PhD project the focus shifted increasingly
towards methylated amine utilisation as this aspect generated the most results. Studies
conducted on nitrification, N, fixation and other aspects of the nitrogen cycle, while
producing some interesting results, are of a preliminary nature and require further

investigation.

1.6.1 Techniques used in this study

To determine the microbial key players involved in selected processes relating to nitrogen and
carbon cycling in Movile Cave, an integrated approach combining cultivation-based studies
and molecular methods was used. As a key method, DNA-stable isotope probing (SIP,
Radajewski et al., 2000; Murrell & Whiteley, 2010) was applied as it allows linking the
microbial processes of interest to the phylogenetic identity of the active organisms. Isolation
studies, process-based measurements and PCR based surveys of key genes were also applied.

1.6.2 Key questions of the PhD thesis
The specific research questions of this PhD thesis were:

1. What is the role of methylated amines as a carbon and nitrogen source for bacteria in

Movile Cave?

The role of methylated amines as carbon and nitrogen sources for microorganisms in
Movile Cave was addressed by a combination of DNA-SIP and isolation-based studies.
Methylotrophic bacteria (organisms utilising C; compounds as their sole source of carbon
and energy) are known to be present and active in Movile Cave from previous studies
(Hutchens et al., 2004; Chen et al. 2009). Furthermore, the high organic matter content in
the floating mats warrants it likely that methylated amines are major degradation
products. Methylated amine-utilising bacteria were therefore expected to play a

significant role in the cycling of carbon and nitrogen in the cave.

DNA-SIP with *C-labelled MMA and DMA was applied to identify active
methylotrophic bacteria in Movile Cave. The SIP incubations were analysed over a time
course in order to monitor any changes in the active community and detect possible

cross-feeding effects. To consolidate results from SIP experiments, bacterial isolates
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2.

retrieved from selective enrichments with methylated amines were tested with respect to
their metabolic capabilities. In addition, PCR primers targeting gmas, a key gene in the
recently characterised indirect MMA oxidation pathway were developed as part of this
PhD project. The new primers were used to determine the distribution of gmaS among
bacterial isolates from Movile Cave. The presence of gmaS in Movile Cave enrichment

cultures and floating mat samples was also assessed using the new primers.
Hypothesis:

Methylated amines are a major degradation product in Movile Cave (derived from the
decomposition of extensive organic mats) and are an important source of carbon,

energy and nitrogen for Movile Cave bacteria.

Aims:
o Identification of major methylated amine-utilising methylotrophs in Movile
Cave
° Identification of bacteria using methylated amines as a nitrogen source
° Characterisation of methylated amine-utilising isolates from Movile Cave
° Development of new PCR primers for the detection of methylated-amine

utilising bacteria

What is the contribution of nitrifying microorganisms to primary production in Movile

Cave?

The second key question of this PhD was to determine the role of nitrifying bacteria (and
possibly archaea) to primary production in Movile Cave. SIP-based studies by Chen et al.
(2009), have suggested that the oxidation of ammonia and nitrite may be important
autotrophic processes in Movile Cave, supplying fixed carbon into the food web. So far
however, sulfur oxidisers are believed to be the main CO,-fixing microorganisms in
Movile Cave. DNA-SIP studies with **C-labelled bicarbonate (with and without added
energy sources in form of ammonia or reduced sulfur compounds) were set up with water
and microbial mat to determine the most active autotrophs. In addition to 16S rRNA
gene-based primers, bacterial and archaeal amoA gene-specific primers and nrxB-specific

primers were used as biomarkers to determine the presence of nitrifiers in the SIP-
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incubations. Potential nitrification rates were determined by monitoring ammonium

consumption and nitrite production over time.
Hypothesis:

Nitrifying microorganisms play a major role in CO; fixation in the Movile Cave food

web.
Aims:
° To assess whether nitrifiers have an active role in CO, fixation in Movile Cave
in addition to sulfur oxidisers
° To identify key autotrophs in Movile Cave
° To determine whether archaea may have a role in ammonia oxidation in

addition to bacterial nitrifiers in Movile Cave

3. Isthere a potential role for N,-fixers in Movile Cave?

To determine whether there is a possible contribution of microbial N, fixation to the
nitrogen cycle in Movile Cave, acetylene reduction assays were carried out with water
and floating mat samples to detect any N,-fixing activity. Many bacteria in the cave (e.g.
Beggiatoa) are known to be capable of diazotrophic growth and, while standing
concentrations of NH," in the cave waters are relatively high, there may be NH,"-depleted
zones in which N-fixation becomes important. In addition to process-based
measurements, PCR-based surveys of nifH genes in Movile Cave were carried out in
order to assess the presence of microorganisms with the genetic potential to fix N,, and to
assess their diversity. Potential DNA-SIP experiments with *°N-labelled N, were intended

based on whether or not N, fixers were found to be active in Movile Cave.

Hypothesis:

N2-fixing microorganisms thrive in the floating mats and provide an important nitrogen

source for the wider food web in Movile Cave.
Aims:

o To determine whether there is Nj-fixing activity in microbial mats in Movile

Cave
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4.

o To assess the diversity of N, fixers in Movile Cave using nifH-targeting PCR
primers

o To identify active No-fixing microorganisms using DNA-SIP with **N-labelled N,

Do denitrification and / or anaerobic ammonium oxidation take place in Movile Cave?

The microbial community in anoxic regions of Movile Cave is still largely unexplored,
even though sulfate-reducing bacteria and denitrifying bacteria have been detected
(Rohwerder et al., 2003; Chen et al., 2009). PCR-based surveys of key genes for
denitrification and anammaox (nirS, nirK and hzo) were conducted on water and sediment

samples in addition to process-based studies (isotope pairing experiments).
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Chapter 2. Materials and Methods
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2.1 Chemicals and reagents

All analytical-grade chemicals used in this thesis were obtained from Fisher Scientific
(Loughborough, UK), Melford Laboratories Ltd (Ipswich, UK) or Sigma-Aldrich Corporation
(St Louis, USA). Reagents of special grade for molecular biology were purchased from
Bioline Reagents Ltd. (London, UK), Fermentas Molecular Biology Tools (Leon-Rot,
Germany), Promega UK (Southampton, UK) and Roche Diagnostics Ltd. (Burgess Hill, UK).
Gases (acetylene, CO,, oxygen and nitrogen) were obtained either from BOC (Manchester,
UK) or Sigma-Aldrich. Dehydrated culture media and agar were purchased from Oxoid Ltd
(Cambridge, UK). General purpose buffers and solutions were prepared according to
Sambrook and Russell (2001).

2.2 Bacterial strains

Agrobacterium tumefaciens C58, Mesorhizobium loti MAFF303099, Pseudomonas
fluorescens SBW25, Pseudomonas sp. IMKW, Sinorhizobium meliloti 1021 and Rhizobium

leguminosarum bv. viciae 3841 were kindly provided by Yin Chen.
Azotobacter vinelandii DJ: Kindly provided by Ray Dixon.
Methylosinus trichosporium OB3B: Kindly provided by Julie Scanlan.
Methylocella silvestris BL2: Kindly provided by Andrew Crombie.

Nitrosomonas europaea NCIMB 11850: Obtained from culture collection of NCIMB Ltd,
Aberdeen, UK.

2.3 Collection and processing of sample material from Movile Cave

All sample material for this work was collected from Movile Cave, near the town of Mangalia
in Romania (for a map of the cave, refer to Figure 1.3). Water and floating mat samples for
enrichment and isolation experiments were collected from the lake room and the two air bells
in October 2009, refrigerated in the nearby field station and processed within 48 hours.
Biofilm covering the limestone walls of both air bells was scraped off into sterile Bijoux
tubes. Similar samples for further isolation experiments, stable isotope probing (SIP)
enrichments and nucleic acid extractions were obtained from Movile Cave in April 2010 and
April 2011. Floating mat samples for metagenome analysis were collected in April 2011.

Material for DNA work was centrifuged at 5,000 xg within one hour of sampling and frozen
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at -20°C for storage until processing. DNA-SIP incubations were set up within one hour of
sampling, and incubated in the dark at 21°C (see below). Water and sediment material for
analytical measurements and isotope pairing experiments was transferred into Nalgene bottles
which had been acid-washed with HCI and autoclaved beforehand. Bottles were filled to the
top to preserve anoxic conditions, refrigerated and processed within 48 hours. Water and
sediment for measurement of standing methylamine concentrations were also collected in acid

washed Nalgene bottles and frozen within 1 hour of sampling.

2.4 DNA stable isotope probing (DNA-SIP) experiments

To identify key organisms playing an active role in the cycling of C; compounds in Movile
Cave, SIP incubations were set up with a range of **C-labelled C; compounds. Additionally,
to identify active chemolithoautotrophs in Movile Cave, “*C-bicarbonate SIP incubations
were set up with and without the addition of 1 mM of different inorganic energy sources.
Incubations without addition of energy sources were set up to identify the most active CO,
fixers under natural conditions. Incubations with added energy sources were set up to
stimulate growth of specific chemolithoautotrophs, i.e. nitrifiers or sulfur oxidisers,
respectively. Table 2.1 lists all SIP incubations that were set up as part of the Movile Cave
food web project; those SIP experiments analysed as part of this PhD project are highlighted.

Table 2.1 Substrates used for SIP incubations as part of the Movile Cave food web project

Labelled substrates Additional unlabelled compounds
01 | 13cH, _ methane -
02 | 13cH.0H — methanol -
03 | 5cHOOH: - formate -
04 13C6H1,06 — glucose -
05 ¥CH3NH, — monomethylamine B
06 | (13CH,),NH — dimethylamine -
07 H'3CO, - bicarbonate NH," —ammonium
08 | Hi3co,  bicarbonate S,0,” — thiosulfate
09 | Hico, _ bicarbonate S,06" — tetrathionate
10| Hico,- bicarbonate -
11| H{ico,- bicarbonate VCH,— methane
12 CH,_ methane HCO;— bicarbonate
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SIP incubations with *C-MMA

SIP experiments with monomethylamine (MMA) were set up in April 2010 using water from
Airbell 2. The SIP incubations were set up at the field station near the cave within one hour of
sampling. For each incubation, a 20 ml aliquot of cave water was added to a pre-sterilised
120 ml serum vial containing 50 pmol of *3C-labelled or unlabelled (**C) MMA (dissolved in
0.2 ml sterilised distilled water), to give a final concentration of 2.5 mM added substrate.
Control incubations with no added MMA (referred to as “no-substrate controls” from here on)
were also set up. No floating mat material was used and no replicates could be set up due to
limitations in the amount of sample material available (the sample material was used for
additional SIP experiments with methane and sulfur compounds as well as isolation
experiments and MAR-FISH). All serum vials were immediately re-sealed with a butyl rubber
cap and an aluminium crimping lid and incubated at 21°C in the dark. Samples for ty (t =0
days) were prepared by spinning down 20 ml of cave water (5,000 xg), discarding the
supernatant and freezing the pellet. SIP incubations and no-substrate controls were harvested
at time intervals of 48 hours (t=1), 96 hours (t=;) and four weeks (t=3) (separate microcosms
were set up for each time point, and the samples were harvested by spinning down the entire

contents of the microcosm).

SIP incubations with *C-DMA

SIP experiments with dimethylamine (DMA) were set up as described above for MMA,
adding 50 umol of *3C-labelled or unlabelled (**C) DMA to 20 ml cave water (final
concentration of 2.5 mM). The same batch of cave water was used and enrichments were

harvested at the same time points as for MMA-SIP enrichments.

SIP incubations with **C-bicarbonate and ammonium sulfate

SIP experiments with **C-labelled bicarbonate (for simplicity referred to as **CO, throughut
the text) were set up in April 2010, using water from Airbell 2, and in April 2011, using water
and floating mat material from Airbell 2. To enhance growth of nitrifying microorganisms,
ammonium sulfate was added as an energy source. The first set of incubations (2010) was set
up as described above; 50 umol of labelled or unlabelled bicarbonate was added to 20 ml of
cave water along with 1 mM (NH,4),SO,. Incubation conditions and harvesting time points

were the same as described above for MMA and DMA.

In April 2011, SIP experiments with **C-labelled bicarbonate and amonium sulfate were

repeated using (i) water and (ii) floating mat material from Airbell 2 (separate experiments).
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This time, incubations were set up on site in duplicates. For cave water, the sample volume
was increased to 50 ml in a 120 ml serum vial. Since the floating mats contain a lot more
biomass than water, 20 ml of total sample volume were used as before. **C-bicarbonate (or
12C-bicarbonate for controls with unlabelled substrate) was added to the samples to a final
concentration of 2.5 mM, (NH,).SO, concentrations were 1 mM. Samples were incubated in
the dark at 21°C and terminated at the following three time points: 48 h (t1), 1 week (t2), 2
weeks (t3). Incubations with cave water were sacrificed by centrifuging (20 min at 14 000 xg)
the entire 50 ml sample volume from each time point at, and freezing of the pellets for DNA
extraction. For floating mat enrichments, the same flask was used for all three time points,
removing 5 ml of sample at each time point, centrifuging it (20 min at 2 800 xg) and freezing
the pellet at -20°C for DNA extraction. No-substrate controls were set up for both water and
mat and incubated and harvested in the same way as the other samples. Samples for to (t =0
days) were prepared within 1 hour of sampling by (i) centrifuging 20 ml of cave water,
discarding the supernatant and freezing the pellet at -20°C (ii) freezing 30 ml of floating mat
material at -20°C.

Ultracentrifugation and fractionation of DNA

From each sample, up to 1 pg of total extracted DNA was added to caesium chloride (CsCl)
solutions for isopycnic ultracentrifugation and gradient fractionation following the protocol
described by Neufeld et al. (2007b) to separate *C-labelled DNA from unlabelled (**C) DNA.
Density of the fractions was measured using a digital refractometer (Reichart AR200 Digital

Refractometer).

2.5 Culture media and growth of control organisms

All culture media were prepared using distilled water and sterilised by autoclaving at 15 psi
and 121°C for 15 minutes. Phosphate buffers were prepared and autoclaved separately and
added to the media once cooled down, in order to avoid precipitation. Solutions sensitive to
autoclaving such as methylated amines, trace element and vitamin solutions were sterilised by
filtration through 0.2 um pore-size sterile syringe filters (Sartorius Minisart, Gottingen,
Germany). For solid media, 1.5% bacteriological agar No. 1 (LP0011, Oxoid) was added to

media prior to autoclaving.
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2.5.1 Dilute basal salts (DBS) medium

Movile Cave isolates were grown in dilute basal salts (DBS) medium, modified after Kelly &
Wood (1998) by Rich Boden (to resemble ionic composition of Movile Cave water) and
containing no nitrogen source. The modified medium contained (per litre): 0.1g
MgSO, - 7H,0, 0.05 g CaCl - 2H,0, 0.11 g K,HPO,, 0.085 g KH,POy,, at pH 6.8 - 7.3. The
medium was supplemented with 0.25 ml / L of a vitamin solution (Kanagawa et al., 1982),
and 1ml/ L of a trace element solution adapted from Kelly & Wood (1998) containing (per
1L): 50 g ethylenediaminetetraacetic acid (EDTA), 11 g NaOH, 59 ZnSQ,- 7H,0, 7.34 g
CaCl; - 2H,0, 2.5g MnCl, - 6H,0, 0.5g CoCl, - 6H,0, 0.59 (NH4)sM070,4- 4H,0, 59
FeSQO, - 7TH,0, 0.2 g CuSO, - 5H,0, adjusted to pH 6.0. For an additional nitrogen source (for
control enrichments and ammonia oxidisers) 0.5 g (NH4),SO, per litre was added to the

medium (final concentration of 7.5 mM NHj3 in the medium).

2.5.2 Mixed carbon solution for DBS-C medium

For growth of non-methylotrophic methylated amine utilising bacteria, a solution containing a
mixture of six different carbon compounds (comprising glucose, fructose, succinate, glycerol,
pyruvate, acetate) was added to DBS medium at a final concentration of 5 mM total carbon.
The solution was prepared as a 10 x stock, aliquoted into 100 ml batches, autoclaved and

added to DBS medium prior to adjustment of pH and autoclaving.

2.5.3 Nitrate mineral salts (NMS) medium

NO; mineral salts (NMS) medium (Whittenbury et al., 1970) was used for growth of
Methylosinus trichosporium OB3B which was used as a control organism for the nitrogen
fixation (acetylene reduction) assay. The medium was prepared from five separate stock
solutions as follows: A 10 x salts solution (solution 1) contained per litre: 10 g
MgSQ, - 7TH,0, 2 g CaCl - 2H,0 and 10 g KNOg3. A 10,000 x iron - EDTA solution (solution
2) contained per 100 ml: 3.8 g Fe®*" - EDTA. A 1,000 x sodium molybdate solution (solution
3) contained per litre: 0.26 g NaMoO, A 1,000 x trace elements solution (solution 4)
contained per 5L: 259 FeSO,-7H,0, 2g ZnSO, -7H,0, 0.0759 H3BOs; 0.25 g
CoCl, - 6H,0, 1.25 g EDTA disodium salt, 0.1 MnCl;, - 4H,0, 0.05 NiCl, - 6H,0. A
separately autoclaved phosphate buffer (solution 5) contained per litre: 71.6 g Na;HPO,
- 12H,0 and 26 g KH,PO,, adjusted to pH 6.8. For 1 L of 1 x MS medium, 100 ml of
solution 1, 0.1 ml of solution 2 and 1 ml of both solution 3 and solution 4 were diluted to 1 L.
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After autoclaving, 10 ml of the 100 x phosphate buffer solution was added to the cooled

medium.

2.5.4 Mineral salts (MS) medium

Mineral salts (MS) medium was a modification of NO3;  Mineral Salts (NMS) medium
(Whittenbury et al., 1970) by omitting the KNO3. Mineral salts (MS) medium was used for
diazotrophic growth of Methylosinus trichosporium OB3B.

2.5.5 Growth of Methylosinus trichosporium OB3b

M. trichosporium OB3b was initially grown in a 250 ml quickfit flask containing 50 ml NMS
medium (containing NOj3") supplemented with 20% (v/v) methane. The culture was incubated
at 30°C with shaking. Once turbid (after 3 days), the culture was used to inoculate a 250 ml
flask containing 50 ml MS medium (with no added nitrogen source). The flask was flushed
with N, to remove O,. O, and CH4 were subsequently added to final concentrations of 10%
(v/v) and 20% (v/v), respectively. The culture was grown at 30°C with shaking to an ODs4 of
~0.25, at which point the culture was used to inoculate a 1L flask containing 250 ml MS
medium. The flask was treated in the same way as the previous one for growth with N, and
incubated at 30°C with shaking.

2.5.6 Azotobacter medium and growth of Azotobacter vinelandii

Azotobacter vinelandii DJ was used as a positive control for the nitrogen fixation (acetylene
reduction) assay. The organism is able to fix N, at atmospheric oxygen conditions. When re-
growing the organism from a plate or frozen stock, fixed nitrogen was initially added to the
liquid medium to promote growth. Once turbid, A. vinelandii was transferred into nitrogen-
free medium. The medium was prepared according to Strandberg & Wilson (1967) and
consisted of the following solutions: Solution 1 which contained (per litre): 440 g sucrose,
4.4 g MgCl, - 6H,0 and 1.98 g CaCl,. Solution 2 which contained (per litre): 17.6 g K;HPOQOy,
4.4 g KH,PO,4 and 0.31 g Na SO4. For 200 ml of 1 x medium, 8 ml of solutions 1 and 2 (both
autoclaved separately) were added to 180 ml sterile water once cool. The medium was further
supplemented with 5ml of a 1M NH;-acetate solution (left out when growing
diazotrophically), 200 ul of a 60 mM FeSQ, solution, 200 ul of a 1 mM NaMoO, solution, all
of which had been separately autoclaved. For solid medium, 1.5% agar were added to the

water and autoclaved prior to adding the remaining ingredients.
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2.5.7 Luria-Bertani (LB) medium

LB medium (Sambrook and Russell, 2001) was used for growth of transformed Escherichia

coli JIM109 cells. It contained (per litre): 10 g tryptone, 5 g yeast extract and 10 g NaCl.

2.5.8 Super optimal broth with catabolic repressor (SOC) medium

SOC medium for transformations was prepared by adding 20 mM of glucose (filter-sterilised)
to autoclaved SOB medium. SOB medium contained (per litre): 5g yeast extract, 20 g
tryptone, 0.5 g NaCl, 2.5 mM KCI (10 ml of a 250 mM solution), all adjusted to pH 7 prior to
autoclaving, and 10 mM MgCl, (5 ml of a 2 M solution, filter-sterilised, added after

autoclaving).

2.5.9 R2A agar

R2A agar (CMO0906) was purchased in the form of dehydrated culture medium from Oxoid

and prepared according to the manufacturer’s instructions.

2.5.10 Nutrient broth

Nutrient broth (CMO0001) was purchased in the form of dehydrated culture medium from

Oxoid and prepared according to the manufacturer’s instructions.

2.5.11 Rose-Bengal chloramphenicol agar plates

Rose-Bengal chloramphenicol agar (90 mm plates) for elimination of bacterial contaminants

from methylotrophic yeast isolates was purchased from Oxoid.

2.5.12 Medium for ammonia-oxidising bacteria (Medium 181)

The medium recipe for ammonia-oxidising bacteria was obtained from the list of culture
media on the NCIMB website (NCIMB Ltd, Aberdeen, UK). It was used for growth of
Nitrosomonas europaea NCIMB 11850 and enrichment of ammonia-oxidising bacteria and
archaea from cave water. Two separate stock solutions were prepared for the medium.
Solution | contained (per litre): 235 mg (NH,4).SO,4, 200 mg KH,PO,4, 40 mg CaCl, - 2H,0
and 40 mg MgSQ, - 7H,0. Solution Il contained (per 100 ml): 50 mg FeSO, - 7H,0 and 50
mg NaEDTA. 1 ml of each stock solution was added to 1L distilled water. The final

concentration of NHj in the medium was 3.4 mM. The medium was additionally
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supplemented with 300 ul of a 1% phenol red solution of pH indication. After autoclaving, a
sterile 5% Na,COj3 solution was added to the medium until the colour turned to pale pink
(indicating neutral pH). Further Na,CO; was added during incubation to restore pink

colouration.

2.5.13 Growth of Nitrosomonas europaea

Lyophilised cells of Nitrosomonas europaea were revived by adding 0.5 ml of 181 medium to
the glass vial and leaving to incubate for 1 h at 20°C, occasionally mixing by carefully
flicking the tube. 200 pl of the culture was then transferred into 10 ml of 181 medium in a
sterile glass universal for incubation at 20°C in the dark with gentle shaking (100 rpm). After
1 week of incubation, the 10 ml culture was transferred into 40 ml fresh medium in a 250 ml
conical flask. Incubation was continued at 20°C in the dark, shaking at 100 rpm. After 3 days
of incubation, a decrease of the pH had caused the indicator in the medium to change colour
from light pink to colourless. Neutral (to slightly alkaline) pH was restored by adding sterile
5% Na,COg3 solution (200 ul) and incubation was continued. Further 5% Na,COj3 (80 ul) was
added the following day to re-adjust the pH. After incubating the culture for a further 3 days,
the colour of the medium had remained pink, indicating that cells had reached the stationary
phase and no further growth was occurring. 10 ml aliquots of the culture were used to
inoculate each of 5 new 250 ml flasks containing 40 ml fresh medium. Flasks were incubated
as before. The pH was re-adjusted to neutral when the colour changed to clear (after 4 days of
incubation). Once growth stagnated (colour remained pink), each of the 50 ml cultures was
transferred into a 2 L conical flask containing 450 ml medium. Incubation was performed as
before, adjusting the pH with 5% Na,CO3 as necessary, until growth stagnated. Cultures were

then pooled and used for DNA extraction as described in 2.7.

2.5.14 Medium for nitrite-oxidising bacteria (Medium 182)

The medium recipe for nitrite-oxidising bacteria was obtained from the list of culture media
on the NCIMB website and prepared in the same way as Medium 181 except that NaNO,
(0.247 g/l) replaced (NH4),SO,.
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2.6 Enrichment, isolation and maintenance of methylated amine-utilising

bacteria from Movile Cave

2.6.1 Methylotrophic methylated amine-utilising bacteria

For selective enrichment of bacteria that use methylated amines as a carbon and energy source
(i.e. methylotrophs) as well as nitrogen source, 1 mM of either monomethylamine (MMA),
dimethylamine (DMA) or trimethylamine (TMA) was added to a 20 ml sample of cave water
in sterile 120 ml serum vials. For mat and biofilm, 2 g of sample material was placed into 27
ml serum vials and made up to a final volume of 4 ml with DBS medium. After flushing the
headspace of each vial with N2, 7% (v/v) O, and 3.5% (v/v) CO, were added in an attempt to
simulate the cave atmosphere. Samples were incubated at 21°C in the dark for four weeks,
during which time substrate uptake was monitored. After four weeks, 10 ml (for water
samples) or 4 ml (for mat samples) of fresh DBS medium were added and cultures were
spiked with 20 MM MMA, 10 mM DMA, or 10 mM TMA, respectively. After re-adjusting
the headspace as previously described, enrichment cultures were re-incubated at 21°C in the
dark. On turbidity (two weeks), dilutions were spread onto agar plates (DBS medium, 1.5%
agar) containing 5 mM MMA, DMA, or TMA as sole carbon and nitrogen source. Plates were
incubated at 21°C in the dark. Visible, single colonies were transferred onto fresh plates
containing the same substrate as before. Colonies were examined by microscopy and a
selection of morphotypes was re-plated to isolate a variety of methylotrophs. Once purity was
confirmed by microscopy, individual isolates were transferred into liquid DBS media
(containing 5 mM MMA, DMA, or TMA) to distinguish true methylotrophs from organisms
possibly growing on agar. Once grown in liquid, isolates were transferred back onto
methylated amine plates, as well as R2a plates, to confirm purity.

2.6.2 Non-methylotrophic, methylated amine-utilising bacteria

In a separate enrichment approach, heterotrophic bacteria capable of using methylated amines
as a nitrogen but not carbon source (i.e. non-methylotrophs) were isolated. These enrichments
were set up analogous to methylotroph enrichments, using the same sample material as
described above. In addition to 1 mM of either MMA, DMA or TMA, a mixture of alternative
carbon compounds (comprising glucose, fructose, succinate, glycerol, pyruvate and acetate)
was added to a final concentration of 5 mM. Flasks were incubated at 30°C with shaking.
Upon growth (2 weeks), enrichments were transferred into fresh medium (1 ml culture in
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25 ml medium) and incubated as before. Once turbid (2-5 days), dilutions of the enrichment
cultures were spread onto agar plates (10°; 10°; 107 dilution) containing DBS medium with
5 mM of the carbon mixture (from hereon referred to as DBS-C) and 1 mM of either MMA,
DMA, or TMA as the only added nitrogen source. The spread plates were incubated at 30°C
for 2 — 5 days and a selection of colonies (ca 10 per substrate) were then transferred onto fresh

plates for isolation.

After a series of transfers on plates, isolates were transferred into liquid DBS medium
containing 1mM of the respective methylated amine and 5 mM carbon mixture. Isolates
obtained in this way were additionally tested for growth in liquid medium containing no
alternative carbon source to detect any co-enriched methylotrophs, as well as in liquid
medium containing carbon sources but no methylated amines to eliminate the possibility that
they might be fixing N, rather than using methylated amines as nitrogen source. Purity was

confirmed as described above by using microscopy and growth on R2A plates.

2.6.3 Microscopy

Cells were routinely observed at 1,000 x magnification in phase-contrast under a Zeiss
Axioskop 50 microscope, 130 VA Typ B, and documented using the AxioCam camera system
and Axiovison Rel 4.8 software (all supplied by Carl Zeiss Ltd, Cambridge UK).

2.6.4 Preservation of cultures

For maintenance, bacterial (and yeast) isolates were routinely kept on either DBS or DBS-C
agar plates supplemented with MMA, DMA or TMA. Isolates were furthermore preserved as
freezer stocks in 2 ml cryovials with 20% sterile glycerol added to 2 ml of liquid culture. If
the OD was low, the concentration of cells was increased by centrifuging a larger volume
(20 min at 2,000 g), and re-suspending the cell pellet in 2 ml of the supernatant. In addition to
glycerol stocks, cell “slurries” were prepared by centrifuging 50 ml of a culture, discarding
the supernatant and re-suspending the cell pellet in the remaining liquid for transfer into a
2 ml cryogenic vial which was submerged in liquid N for rapid freezing of cells. Frozen cell

stocks were kept at -80°C.

2.6.5 Growth tests of new isolates with methanol and under anoxic conditions

To test growth of the new isolates Catellibacterium sp. LW-1 and Mesorhizobium sp. 1M-11
with methanol, 20 ml DBS medium were added into 150 ml Quickfit flasks and supplemented
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with 0.2% methanol as the sole carbon and energy source and 1 mM NHjs as nitrogen source.
After inoculation flasks were incubated at 30°C for 1 week. Control incubations were set up
with DBS-C medium (i.e. containing sugars and carboxylic acids, see 2.5.2) plus methanol
and NHs.

To test for growth in the absence of oxygen, the isolates were incubated in 20 ml
medium (either DBS-C medium or DBS medium with 5 mM MMA) supplemented with
1 mM NH," and 3 mM of either NOs™ or NO,™ as an alternative electron acceptor in 120 ml
serum vials flushed with O,-free N, for 20 minutes. Analogous incubations were set up
without any added NO3™ or NO;" to test for potential growth without any electron acceptor (i.e.

fermentation).

2.7 DNA extraction, processing and storage

DNA from Movile Cave samples, SIP enrichments and bacterial isolates obtained in this
study was prepared using enzymatic lysis of cells followed by phenol-chloroform extraction
as described by Neufeld et al. (2007a). DNA from soil and lake sediment samples retrieved
from the University of East Anglia campus (used for gmaS primer validation, see later) was
extracted using the FastDNA® SPIN Kit for soil by MP Biomedicals LLC. DNA quality and
concentration was assessed using an ND-1000 spectrophotometer (NanoDrop Technologies

Inc., USA). DNA was routinely stored in nuclease-free water at -20°C.

2.8 Agarose gel electrophoresis

DNA samples and gene fragments amplified by PCR (see below) were analysed by agarose
gel electrophoresis using a 1% (w/v) agarose gel in 1 x TBE buffer. Ethidium bromide (0.5 pg
ml™) was added directly to gels before casting. For sizing of DNA fragments, GeneRuler™
1kb DNA (Fermentas) ladder was used as a marker unless otherwise stated. For RFLP
analysis and DNA fragments of less than 250 bp size, the GeneRuler™ 100 bp Plus DNA
ladder was used instead. Gels were viewed under the Gel Doc XR gel documentation system
by Bio-Rad (Hercules, CA, USA) using Amber Filter 5206 (Bio-Rad).
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Figure 2.1 DNA markers used for agarose gel electrophoresis

2.9 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) amplification of DNA fragments was carried out using a
Tetrad thermal cycler (Bio-Rad). Reactions were prepared on ice and typically contained (in
50 pl reaction volumes): 1x reaction buffer containing 1.5 mM MgCl, (Fermentas), 0.2 mM of
each dNTP (Fermentas), 2.5 units recombinant Tag DNA polymerase (Fermentas), 1-2 pl
each of 10 uM forward and reverse primer solutions (synthesized by Invitrogen, Life
Technologies Ltd, paisley, UK) and 1 pl of a 3.5% (w/v) BSA solution. For improved
performance when amplifying gmaS genes, PCR reagents by Bioline (MyTaq™ DNA
polymerase, supplied with reaction buffer containing dNTPs) were used instead of Fermentas
reagents, resulting in a higher level of amplification. For direct PCR of bacterial colonies, 2.5
pl of DMSO (concentrated solution) were added to the reaction. Typically, 1 pl template
DNA (concentration between 30 — 50 ng / pl) was used. Negative controls without template
were included in all cases. The PCR mixture was brought to a final volume of 50 pl with
sterile deionised water. The typical PCR amplification profile consisted of (i) an initial
denaturation step at 94°C for 5 min (extended to 10 min for colony PCR), followed (ii) by 30
— 35 cycles of denaturation at 94°C, 30s; annealing (temperature dependent on primers), 30;
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elongation at 72°C (time dependent on amplicon length, 1 min / kb) and (iii) a final
elongation step of 8 min at 72°C. PCR products were then maintained at 4°C (-20°C for long
term storage). Generally, PCR protocols were adapted from publications; if necessary,
annealing temperatures and cycle numbers were adjusted for optimisation. In some cases,
touchdown PCR protocols were used in order to increase efficiency without losing specificity
of amplification. Gene fragments to be analysed by DGGE were amplified using the same
PCR conditions as otherwise but with a GC-clamp (Muyzer et al., 1993) attached to the 5’ end

of one of the primers. Table 2.2 gives details of the primers used in this study.

2.10 Purification of PCR products for further applications

Following agarose gel electrophoresis, PCR products producing well-defined bands were
purified using either the QIA Quick Gel Purification Kit by Qiagen (Crawley, UK) or the
Nucleospin Gel Extraction Kit by Machery-Nagel (Duren, Germany) according to
manufacturers’ instructions (without gel-excision, using the centrifugation protocols). Gel
excision was used only if alternative amplification products could not be eliminated by
optimising PCR conditions (gmaS PCR products of Movile Cave methylamine enrichments
obtained using primer set 557f / 1332r).

As an alternative to using kits, larger numbers of PCR products were purified using
PEG purification (Sambrook et al., 2001). Briefly, a solution containing 20% PEG-8000 and
2.5 M NaCl (sterilised by autoclaving) was added to PCR products at 0.6 times the volume of
the PCR product in a 0.5 ml Eppendorf tube. After 30 min incubation in a 37°C water bath,
the mixture was centrifuged in a tabletop centrifuge at maximum speed for 30 min at 20°C.
After removal of the supernatant, the non-visible pellet was washed with 100 pl of 70%
ethanol (mixing by vortexing), before centrifugation at maximum speed for 20 min at 4°C and
removal of the supernatant. The washing step was repeated and the pellet air-dried next to a
Bunsen burner or under a flow hood. Finally, the purified product was resuspended in 10-
12 pl of sterile, nuclease-free water.
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2.11 Design of PCR primers targeting gmas
There is currently one gmas primer set available, published recently (Chen, 2012) and targeting
specifically the marine Roseobacter Clade (MRC). This primer set therefore does not cover gmaS

from non-marine bacteria, which is why new gmaS PCR primers were designed in this study.

2.11.1 ldentification of gmaS sequences and alignment

Three new PCR primers were designed based on multiple alignment of 34 gmaS sequences
derived from (i) methylotrophic isolates confirmed to use the NMG / GMA mediated pathway
and (ii) bacterial genomes published on the Integrated Microbial Genomes (IMG; Markowitz et
al., 2010) platform of the Joint Genome Institute (JGI). Genomes were screened for gmaS-related
sequences using gmaS from Methylocella silvestris as a query sequence. Corresponding full
length sequences included both gmaS and glutamine synthetase type 111 (gInA) sequences, due to
the high level of sequence similarity between the two genes. A complete list of all gmaS and ginA
sequences used for primer design is given in Table 2.3. In order to identify genuine gmaS
sequences, the gene neighbourhood of all obtained sequences was manually inspected for
predicted neighbouring open reading frames (ORFs) typically found adjacent to gmaS (genes for
NMG dehydrogenase and NMG synthase subunits). Confirmed gmaS sequences included many
sequences mis-annotated as gInA. For primer design, multiple sequence alignments of chosen
sequences were established with the Clustal X program (Thompson et al., 1997) and viewed
using the GeneDoc software (Nicholas et al., 1997). Because of their sequence similarity to
gmas, a number of gInA sequences were included in the alignment in order to identify suitable

primer-binding regions specific only to gmas.

2.11.2Primer sequences and PCR conditions

The resulting forward primer gmaS_557f (GARGAYGCSAACGGYCAGTT) was used in all
cases, with the reverse primers o gmaS 970r (TGGGTSCGRTTRTTGCCSG) and
B vy gmaS_1332r (GTAMTCSAYCCAYTCCATG) being used to target the gmaS gene of non-
marine Alphaproteobacteria and that of Beta- and Gammaproteobacteria, respectively. PCR
products were 410 bp and 775 bp respectively. After testing a range of conditions, touchdown
PCR protocols for gmaS amplification were used as follows: For gmaS 557f/ a._gmaS_970r, an

initial step at 94°C for 5 min was followed by 10 cycles of denaturation at 94°C for 45 seconds,



CHAPTER 2 S7

annealing at variable temperatures for 45 seconds, and extension at 72°C for 1 min. In the first
cycle, the annealing temperature was set to 60°C, and for each of the 9 subsequent cycles the
annealing temperature was decreased by 1°C. This was followed by 30 cycles of 45 sec at 94°C,
45 sec at 56°C and 1 min at 72°C, and a final extension time of 8 min at 72°C. For gmaS_557f /
B vy gmaS_1332r, an initial step at 94°C for 5 min was followed by 10 cycles of denaturation at
94°C for 45 seconds, annealing at variable temperatures for 45 seconds (starting at 55°C in the
first cycle and decreasing by 1 degree for each of the 9 subsequent cycles), and extension at 72°C
for 1 min. This was followed by 35 cycles of 45 sec at 94°C, 45 sec at 52°C and 1 min at 72°C,

and a final extension time of 8 min at 72°C.

2.11.3 Validation of the new primers

The primer sets were tested for their specificity by (i) amplification and sequencing of gmaS
genes from genomic DNA of the following bacterial strains known to use the indirect MMA
oxidation pathway (kindly provided by Dr Yin Chen): Sinorhizobium meliloti 1021,
Mesorhizobium loti MAFF303099, Rhizobium leguminosarum bv. viciae 3841, Agrobacterium
tumefaciens C58 and Pseudomonas fluorescens SBW. For further validation of the primers, gmaS
genes were amplified from DNA extracted from (ii) MMA enrichments from Movile Cave (iii)
samples from a floating mat in Movile Cave (iv) soil and freshwater sediment from a small lake
(the “Broad”) located on the University of East Anglia campus. GmaS-based clone libraries were

constructed for (ii) — (iv) and a total of 30 clones were randomly selected for sequencing.



58

Table 2.3 Names and accession numbers of all gmaS and glnA sequences used for primer design

glnA | Strain Accesion Number Author
Methylococcus capsulatus str. Bath NC_002977.6 Ward et al., 2004
Synechocystis sp. PCC 6803 NC 000911.1 Thelwell et al., 1998
é\gggéhlobacnlus ferrooxidans ATCC NC 011206.1 Lucas et al., 2008
Escherichia coli O157:H7 str. Sakai NC _002695.1 Bergholz et al., 2007
Clostridium saccharobutylicum P10656 Janssen et al., 1988
Lactobacillus johnsonii NCC 533 NC _005362.1 van der Kaaij et al., 2004

gmasS
Methylovorus mays AB333782.1 Yamamoto et al., 2008
Thiomicrospira crunogena XCL-2 NC _007520.2 Scott et al., 2006
Methylovorus glucosetrophus SIP3-4 NC 012969.1 Lucas et al., 2009
Rubrobacter xylanophilus DSM 9941 NC 008148.1 Copeland et al., 2006
Thioalkalivibrio sulfidophilus HL-EbGr7 NC 011901.1 Lucas et al., 2008
Pseudomonas fluorescens SBW25 NC 012660.1 Silby et al., 2009
Pseudomonas mendocina ymp NC _009439.1 Copeland et al., 2007
Xanthobacter autotrophicus Py2 NC _009720.1 Copeland et al., 2007
Burkholderia phymatum STM815 NC 010625.1 Copeland et al., 2008
Methylobacterium populi BJ0O01 NC 010725.1 Copeland et al., 2008
Azorhizobium caulinodans ORS 571 NC 009937.1 Tsukada et al., 2009
Methylobacterium extorquens PA1 NC 010172.1 Copeland et al., 2007
Azospirillum sp. B510 NC 013855.1 Taneko et al., 2008
Rhodobacterales bacterium HTCC2150 NZ_ AAXZ01000014.1 | Kangetal., 2010
Rhodopseudomonas palustris HaA2 NC 007778.1 Oda et al., 2008
Roseobacter sp. AzwK-3b NZ_ABCR01000005.1 | Francis et al., 2007

Roseovarius sp. 217

NZ

AAMV01000001.1

Murrell et al., 2006

Ruegeria pomeroyi DSS-3 NC 003911.11 Moran et al., 2007
Bradyrhizobium sp. ORS 278 NC_009445.1 Giraud et al., 2007
Roseobacter litoralis Och 149 NC 015730.1 Brinkhoff et al., 2007
Methylocella silvestris BL2 NC 011666.1 Lucas et al., 2008
Roseobacter sp. SK209-2-6 NZ _AAYC01000011.1 | Ward et al., 2006

Roseobacter sp. MED193

NZ

AANB01000005.1

Pinhassi et al., 2006

Agrobacterium tumefaciens str. C58 NC_003063.2 Goodner et al., 2001
Sinorhizobium fredii NGR234 NC 012587.1 Schmeisser et al., 2009
Mesorhizobium loti MAFF303099 NC 002678.2 Kaneko et al., 2000
Fulvimarina pelagi HTCC2506 NZ_AATP01000002.1 Kang et al., 2010

Sinorhizobium meliloti 1021 NC 003047.1 Capela et al., 2001
Agrobacterium radiobacter K84 NC 011983.1 Slater et al., 2009
Sinorhizobium medicae WSM419 NC_009636.1 Copeland et al., 2007
Hoeflea phototrophica DFL-43 NZ_ABIA02000018.1 Wagner-Dobler et al., 2007

Agrobacterium vitis S4 NC 011988.1 Setubal et al., 2009
Rhizobium leguminosarum bv. viciae 3841 | NC_008384.1 Young et al., 2006
Rhizobium etli CIAT 652 NC 010998.1 Gonzalez et al., 2008



http://www.ncbi.nlm.nih.gov/nuccore/77128441
http://www.ncbi.nlm.nih.gov/nuccore/16329170
http://www.ncbi.nlm.nih.gov/nuccore/198282148
http://www.ncbi.nlm.nih.gov/nuccore/15829254
http://www.uniprot.org/uniprot/P10656
http://www.ncbi.nlm.nih.gov/nuccore/42518084
http://www.ncbi.nlm.nih.gov/nuccore/165932236
http://www.ncbi.nlm.nih.gov/nuccore/118139508
http://www.ncbi.nlm.nih.gov/nuccore/253997713
http://www.ncbi.nlm.nih.gov/nuccore/108802856
http://www.ncbi.nlm.nih.gov/nuccore/220933193
http://www.ncbi.nlm.nih.gov/nuccore/229587578
http://www.ncbi.nlm.nih.gov/nuccore/146305042
http://www.ncbi.nlm.nih.gov/nuccore/154243958
http://www.ncbi.nlm.nih.gov/nuccore/186470346
http://www.ncbi.nlm.nih.gov/nuccore/188579286
http://www.ncbi.nlm.nih.gov/nuccore/158421624
http://www.ncbi.nlm.nih.gov/nuccore/163849457
http://www.ncbi.nlm.nih.gov/nuccore/288959735
http://www.ncbi.nlm.nih.gov/nuccore/126727767
http://www.ncbi.nlm.nih.gov/nuccore/86747127
http://www.ncbi.nlm.nih.gov/nuccore/149914480
http://www.ncbi.nlm.nih.gov/nuccore/85702759
http://www.ncbi.nlm.nih.gov/nuccore/56694928
http://www.ncbi.nlm.nih.gov/nuccore/146337175
http://www.ncbi.nlm.nih.gov/nuccore/339501577
http://www.ncbi.nlm.nih.gov/nuccore/217976200
http://www.ncbi.nlm.nih.gov/nuccore/126740146
http://www.ncbi.nlm.nih.gov/nuccore/86138013
http://www.ncbi.nlm.nih.gov/nuccore/159185562
http://www.ncbi.nlm.nih.gov/nuccore/227820587
http://www.ncbi.nlm.nih.gov/nuccore/57165207
http://www.ncbi.nlm.nih.gov/nuccore/114705481
http://www.ncbi.nlm.nih.gov/nuccore/15963753
http://www.ncbi.nlm.nih.gov/nuccore/222080781
http://www.ncbi.nlm.nih.gov/nuccore/150395228
http://www.ncbi.nlm.nih.gov/nuccore/163761504
http://www.ncbi.nlm.nih.gov/nuccore/222106127
http://www.ncbi.nlm.nih.gov/nuccore/116255200
http://www.ncbi.nlm.nih.gov/nuccore/190895317
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2.12 Denaturing gradient gel electrophoresis (DGGE)

DGGE of bacterial 165 rRNA gene fragments was carried out using the DCode™ Universal
Mutation Detection System (Bio-Rad) according to the manufacturer’s directions. PCR products
were loaded on a 1 mm thick vertical gel containing 8% (w/v) polyacrylamide (acrylamide-
bisacrylamide, 37.5:1) in 1x Tris-acetate-EDTA (TAE) buffer. A linear gradient of 30 - 70%
denaturant (with 100% denaturant corresponding to 7 M urea and 40% (v/v) de-ionised
formamide) was used for the separation of 16S rRNA gene fragments. A molecular marker
generating nine distinct bands on the DGGE gel was used as reference to allow comparison
between gels. Electrophoresis was conducted for 16 h at 80 V. Gels were stained using 3 pl
SYBR® Gold Nucleic Acid Gel Stain (Invitrogen) in 50 ml TAE buffer for 45 min in the dark.
Gels were rinsed with TAE buffer and bands were viewed under the Bio-Rad Gel Doc XR gel
documentation system using Amber Filter 5206 (Bio-Rad). For gene sequence analysis, well-
defined DNA bands were physically excised from the gel with sterile, disposable gel excision tips
and placed in 1.5 ml centrifuge tubes containing 20 pl sterilised water. The DNA was allowed to
passively diffuse into the water at 4°C overnight. 1 pl of the eluate was used as a template for re-
amplification using the same PCR conditions and primers described above. Re-amplified gene
products were analysed by DGGE once more to confirm they were single sequences. If multiple
bands appeared, the band of the correct position was again excised and re-amplified. Positive re-

amplification products were sequenced.

2.13 Cloning of PCR products

Cloning of PCR products from 16S rRNA genes and functional genes (bacterial amoA, archaeal
amoA, cbbL, cbbM, gmas, mauA, nifH, nirS, nirK) was carried out using the Promega pGEM®-T
Easy Vector system as described by the manufacturer: PCR products were inserted into the
PGEM®-T Easy Vector and transformed into chemically competent Escherichia coli JM109
cells. Transformants were streaked on LB-ampicillin plates supplemented with IPTG (50 ul of a
0.2 M solution) and X-Gal (25 ul of a 40 mg/ ml solution) for white / blue selection. White
colonies were selected randomly and re-amplified using primer set M13f / M13r. PCR products
were analysed on a 1% (w/v) agarose gel and amplification products of the correct length were

submitted to sequencing analysis using either the M13f or M13r primer (or both).
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2.14 RFLP analysis of cloned sequences from *c-MMA-SIP incubations

In order to complement results from DGGE analysis, 16S rRNA genes from *C-MMA-SIP key
fractions (heavy and light DNA) of t3 (5 weeks incubation) were amplified with bacterial 16S
rRNA gene-specific primer set 27f / 1492r for establishment of clone libraries. Restriction
fragment length polymorphism (RFLP) analysis was carried out to ensure sequencing of a
diversity of clones. Twenty out of ninety white colonies randomly picked from each library were
re-amplified using 27f / 1492r for establishing a RFLP profile. Restriction enzymes were chosen
using the online tool NEBCUTTER (Vincze et al., 2003) and imposing them on aligned Movile
Cave 16S rRNA gene sequences from methylamine isolates and DGGE bands. This was done in
order to ensure selection of restriction enzymes generating distinct profiles for the different
sequences expected. Enzymes BseGl and Eco88l were chosen, and 16S rRNA gene PCR
products of 30 clones (18 for F8 and 12 for F11) were digested and analysed on a 2% (w/v)
agarose gel. Clones with distinct profiles were selected for sequencing and amplified using M13f
/ M13r (to obtain the full 16S rRNA gene sequence).

2.15 DNA sequencing and phylogenetic analysis

2.15.1 Sequencing of PCR products

DNA sequencing of PCR products employed the Sanger method on a 3730A automated
sequencing system (PE Applied Biosystems). To determine approximate phylogenetic
affiliations, partial 16S rRNA gene sequences were analysed with the Basic Local Alignment
Search Tool (BLAST) on the NCBI GenBank database (Altschul et al., 1990). Species
annotations were verified using the List of Prokaryotic Names with Standing in Nomenclature
(LPSN) available online at http://www.bacterio.net/. The LPSN was also used for retrieving
sequences of type species and type strains. Amino acid and nucleotide-based phylogenetic trees
were established using the MEGAS program (Tamura et al., 2011). The evolutionary history was
inferred by neighbour-joining (Saitou & Nei, 1987). For nucleotide-based trees, the evolutionary
distances were computed using the maximum composite likelihood method (Tamura et al., 2004).
For amino-acid based trees, the evolutionary distances were computed using the Poisson
correction method (Zuckerkandl & Pauling, 1965). All positions containing gaps and missing

data were eliminated. Bootstrap analysis (1000 replicates) was performed to provide confidence
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estimates for phylogenetic tree topologies (Felsenstein et al. 1985). Phylogenetic analysis of
gmas genes was carried out on amino acid level; the number of positions in the final data set was
135 amino acids (for alphaproteobavterial gmaS) and 250 amino acids (for gamma- and

betaproteobacterial gmaS genes), respectively.

2.15.2 Metagenome analysis

Metagenomic DNA extracted from samples of a floating mat from Movile Cave was sent to UCL
Genomics, University College London, UK for 454 sequencing analysis using the Genome
Sequencer FLX System from Roche (Margulies et al., 2005). The obtained metagenome data
were submitted to the MG-RAST v.3.0 online server (Meyer et al., 2008) for quality control and
automatic analysis. The data were screened for gmaS and mauA sequences by running a blastx
comparison on the MG-RAST v.3.0 online server, selecting the GenBank and JGI databases for

annotation.

For a more in-depth screening for mauA and gmasS sequences (not relying on annotation),
a nucleotide-based, local BLAST database was established from the metagenome data using the
BLAST+ software package available at ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATE
ST/ (Camacho et al., 2009). To remove low quality reads and redundant sequences, the raw
metagenome data were first submitted to workflows within the Community Cyberinfrastructure
for Advanced Microbial Ecology Research and Analysis (CAMERA) portal (Sun et al., 2011).
The processed, non-redundant data set was then used to establish a local BLAST database. The
gmas sequences from Methylocella silvestris and Pseudomonas fluorescens were used as query
sequences to identify gmaS sequences in the metagenome. Similarly, mauA sequences from
Methylobacterium extorquens LW-1 and Methylotenera mobilis were used as queries to detect
mauA genes. Sequence comparison was carried out on amino acid level. Sequence hits with a
minimum stringency e-value cut-off of 10, a minimum sequence identity of 65% and a
minimum length of 65 amino acids were then analysed using blastx. In order to confirm that
sequences were genuine gmas, the gene neighbourhood of the nearest related sequence hits
originating from published bacterial genomes available on the IMG platform were manually
inspected for predicted neighbouring ORFs associated with gmaS (as done previously for primer
design).
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2.15.3 Nucleotide sequence accession numbers

Nucleotide gene sequences of 16S rRNA genes and gmaS genes analysed during this PhD project
were deposited in the GenBank nucleotide sequence database under the accession numbers
KMO083620-KM083705.

2.16 N, fixation assay (acetylene reduction)

No-fixing (i.e. nitrogenase) activity in mat samples from Movile Cave was assayed using the
method described by Dilworth (1966), which assays the reduction of acetylene (C,H>) to ethylene
(C2Hy) using gas chromatography. A Pye Unicam 104 gas chromatograph fitted with a Porapak N
column using N as a carrier gas was employed in conjunction with a flame ionization detector

(FID) at the following settings:

Injector temperature: 120°C
Column temperature: 100°C (isothermal)

Detector temperature: 150°C

The sample injection volume was 100 pl. A standard mixture of acetylene and ethylene was
prepared by injecting 100 pl of each gas into a serum flask of 1,079 ml total volume. The
standard mixture produced two clearly distinguishable peaks; at the above settings, retention
times were: ethylene 0.89 min; acetylene 1.29 min. The assay was carried out within 48 hours of
sampling using floating mat samples that had been refrigerated immediately after sampling. Mat
samples of ~2 g were made up to a final volume of ~4 ml with sterile water in 27 ml serum vials,
sealed with rubber seals and flushed for at least 15 min with argon. O, was injected into the
headspace to a final concentration of 5%. After gentle shaking of the vials at 20°C for 5 min,
C,H, was injected to a final concentration of 1%. Nitrogenase-mediated production of headspace
C,H, was monitored every 15 min for at least 3 hours, starting 5 minutes following the addition
of substrate. Two organisms capable of fixing N, were tested as positive controls for the assay; (i)
the fast-growing methanotroph Methylosinus trichosporium OB3b, (ii) the heterotroph
Azotobacter vinelandii. As better results were obtained with A. vinelandii, this organism was
chosen as a positive control. Ethylene production was quantified by comparison with known

concentrations of standards.
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2.17 Colorimetric assays

Colorimetric assays were used to assay NH3; consumption coupled to nitrite and NO3™ production
in SIP enrichments. Cell culture aliquots of 1.5 ml were centrifuged to pellet cells (16 000 xg for
5 min) and 1 ml supernatant was removed to fresh tubes for assaying. Standard solutions and

dilutions were prepared with MQ water.

2.17.1 Ammonium assay

Ammonium was assayed following the method described by Solérzano (1969), scaled down for a
sample of 1 ml and measurement in 1 ml cuvette. Briefly, 40 ul of a 10% phenol-ethanol solution
and 40 pl of a 0.5% sodium nitroprusside solution were added to 1 ml sample (or standard
solution). 200 pl of hypochlorite solution (Fisher Scientific) were added to 1 ml alkaline solution
(100 g trisodium citrate and 5g NaOH in 500 ml water) and mixed, 100 pl of this solution was
then added to the sample. After 1 h incubation at 20°C, absorbance was measured at 640 nm.
Standards were prepared (i) between 0 and 50 puM and (ii) between 0.1 and 10 mM, as (SIP)
incubations from Movile Cave samples were in the mM range. A stock solution of 100 mM
ammoium sulfate was used (rather than ammonium chloride used in the original protocol) as cave
waters are high in sulfur compounds. Because of the two ammonium atoms in the (NH,4),SO,4
molecule, standards were diluted with MQ water 1:2 for the assay (0.5 ml MQ + 0.5 ml standard
solution). Samples and standards above 50 uM were diluted 1:100 with water in 10 ml glass
universals prior to the assay. 1 ml of the dilution was then transferred to a 1.5 ml centrifuge tube

where the assay was carried out.

2.17.2 Nitrite assay

Nitrite was assayed using Griess’ reagent (Sigma-Aldrich). 0.5 ml of Griess’ reagent was added
to 0.5 ml of sample (or standard solution) and incubated for 30 min at room temperature.
Standards were prepared between 25 uM and 2.5 mM using KNO,. Absorbance was read at 520

nm, samples above 0.5 mM were diluted 1:10 when measured.
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2.17.3 Nitrate assay

Nitrate was first reduced to nitrite using zinc dust and then assayed in the same way as nitrite.
Standards were prepared using KNO3;. 50 mg zinc was added to 1 ml sample (or standard
solution) in Eppendorf tubes and incubated (rotating) for 1 hour at room temperature. Following
incubation, tubes were centrifuged (5 min at 16 000 xg) and 0.5 ml supernatant was removed to

fresh tubes and mixed with Griess’ reagent as before.

2.18 Measuring methylated amine concentrations

At the time of the SIP experiments, no robust analytical method for monitoring concentrations of
methylated amines was available. Colorimetric assays were initially employed but produced
unsatisfactory results. Towards the end of the project, an ion-chromatographic method for
measuring methylated amines was developed by Yin Chen allowing quantification of MMA,
DMA and TMA down to concentrations of 1 uM (Lidbury et al., 2014).

2.19 Isotope pairing experiments for detection of denitrification and anammox

During the 2011 sampling campaign, anoxic water and sediment samples from Movile Cave were
incubated with different isotopes of NH;", NO,” and NO3’, as described by Trimmer et al. (2003),
in order to investigate whether denitrification and / or anaerobic ammonia oxidation (anammox)
take place in the cave. Anoxic water from Airbell 2 in Movile Cave collected in a 1 L acid-
washed, autoclaved Nalgene bottle (see 2.3) was filled into 50 pre-evacuated 12 ml
Exetainer® screw capped glass vials (Labco Limited, Ceredigion, UK) within 48 h of sampling
(using a glass pipette, filled to the top), sealed, and left to pre-incubate at room temperature in the
dark for 1 week. Similarly, sediment that had been collected from Airbell 2 in acid-washed,
sterile 50 ml Falcon tubes was transferred into into Exetainer® vials within 48 h of sampling. Into
each vial, ~2 ml sediment were transferred and topped up with anoxic Airbell 2 water, sealed and
pre-incubated for 1 week. Following pre-incubation, *°N-labelled and unlabelled (**N) substrates
were added to a final concentration of 50 uM for each substrate by injection through the septum

using sterile syringes (yellow tip) as follows:
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1) ®NH," +*NO,
2) NH," +¥NOy
3) “NH," + 5NO,
4) “NH,* + °NO;
5) *NH,* only (anammox control)

6) no substrate (control)

The incubations were set up in replicates of five. Incubations were stopped after 5 days by
injecting ZnCl; into the vials to inhibit microbial activity as described by Trimmer et al. (2003).
Samples were analysed by mass spectrometry in Mark Trimmer’s laboratory at QMU London as
described by Trimmer et al. (2003).
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Chapter 3. Isolation of methylated amine-utilising bacteria from Movile Cave
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3.1 Introduction

Methylated amines, produced during degradation of organic matter (Anthony, 1982; Barret &
Kwan, 1985; Burg & Ferraris, 2008), are hypothesised to be an important intermediate in the
microbial food web of Movile Cave, resulting from decomposition of the extensive microbial
mats floating on the cave water. Like methane and methanol, methylated amines are one-carbon
(C1) compounds that serve as a carbon and energy source for certain methylotrophic bacteria.
Methylotenera mobilis, an obligate, monomethylamine (MMA)-utilising methylotroph
(Kalyuzhnaya et al., 2006a), was found to be highly abundant in Movile Cave (Chen et al.,
2009). However, no dedicated studies have so far been carried out on the role of methylated
amines as a microbial food source in Movile Cave. In addition to being methylotrophic
substrates, methylated amines are also a source of nitrogen (but not carbon) for a range of non-
methylotrophic bacteria. The purpose of the isolation work described in this chapter was to
identify bacteria from Movile Cave capable of using methylated amines as a source of carbon,
nitrogen or both, and to carry out studies with regard to their MMA-oxidation pathways. All
isolates were preserved for future work, providing a collection of organisms for further

physiological and molecular studies on methylated amine-utilising bacteria.

Xanbactertaget is

Figure3.1a

Clockwise from top left: Rhodobacter sp. 1W-5; Catellibacterium sp. LW-1; Zoogloea caeni A2-14M;
Rhizobium sp. A2-25M-y3a; Methylobacterium extorquens 2W-7; Xanthobacter tagetidis LW-13.
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Acinetobacter johnsonii Pseudomonas sp.

Aminobacter niigataensis
Figure3.1b

Clockwise from top left: Paracoccus sp. 2W-61; Acinetobacter johnsonii 1W-58; Pseudomonas sp. 1W-57Y;;
Aminobacter niigataensis 2W-12; Mesorhizobium sp. 1M-11.

Figures 3.1a &b Micrographs of methylated amine-utilising bacteria isolated from Movile Cave. Images

were taken of cultures grown on DBS-MMA (methylotrophs) and DBS-C MMA (non-methylotrophs).

3.2 Isolation of methylotrophic bacteria

Bacteria from Movile Cave capable of using methylated amines as a carbon, energy and nitrogen
source were selectively enriched and isolated using three different methylated amines:
monomethylamine (MMA), dimethylamine (DMA) and trimethylamine (TMA). Liquid
enrichments were set up in small microcosms (120 ml serum vials) with sample material from (i)
cave water, (ii) floating mat material and (iii) wall biofilm material, derived from the lake room
and air bells (for a map of Movile Cave see Figure 1.3 in Chapter 1) and supplemented with
1 mM of MMA, DMA or TMA as the sole added source of carbon and nitrogen (for details refer
to Chapter 2, section 2.6). After 2 weeks of incubation at 21°C in the dark, the enrichments
showed turbidity and subcultures were transferred onto agar plates containing 5 mM of MMA,

DMA or TMA as sole carbon and nitrogen source (the same substrate was used as before in the
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liquid enrichment). A range of isolates differing in colony appearance and cell morphology
(Figures 3.1a and b) were obtained and purified by a series of transfers on plates (over 60
organisms were originally isolated, however, not all were kept as many were identified as
members of the same species while others turned out not to use methylated amines, see below).
The purified isolates were then transferred into liquid media once again to confirm utilisation of

methylated amines and rule out possible growth on trace organic compounds in the agar.

Seven methylotrophic strains were isolated (Table 3.1, Figures 3.2a and b), as identified
by 16S rRNA gene sequencing analysis of over 60 isolates purified from the enrichments. Of the
three substrates, methylotrophic organisms obtained on MMA showed the highest level of
diversity, while DMA and TMA enrichments were dominated by Xanthobacter tagetidis (which
was not isolated on MMA). There were also differences in the diversity of the methylotrophic
communities obtained from different sample materials: While methylotrophs isolated from water
were very diverse, enrichments obtained from floating mat and wall biofilm samples were
heavily dominated by Xanthobacter tagetidis. Additionally, Methylobacterium extorquens was

only isolated from Airbell 2 (the most remote part of the cave).

In addition to well-characterised methylotrophic bacteria such as Methylobacterium,
Aminobacter and Xanthobacter, two novel methylotrophs were isolated: A member of the
relatively newly described genus Catellibacterium (Tanaka et al., 2004; Liu et al., 2010, Zheng et
al., 2011; Zhang et al., 2012), named Catellibacterium sp. LW-1, was isolated from a Movile
Cave lake water enrichment with MMA as sole carbon and nitrogen source. 16S rRNA gene
sequences relating to this organism were also detected in heavy DNA fractions from *C-MMA
enrichments (see Chapter 4, section 4.3.2, text and Figure 4.4), as well as DMA-enrichments (see
Chapter 4, section 4.4., text and Figure 4.7) indicating that Catellibacterium may play a
significant role in the cycling of methylated amines in Movile Cave. Another new methylotroph,
Mesorhizobium sp. 1M-11, was isolated from an MMA enrichment set up with floating mat
samples from Airbell 1. While a strain of the closely related Mesorhizobium loti (99% based on
16S rRNA gene comparison) has been shown to use MMA as a nitrogen source (Chen et al.,
2010b), at the time of writing, the Movile Cave isolate presents the first methylotrophic member
of the genus Mesorhizobium.
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Figure 3.2b

Figures 3.2a & b Phylogenetic relationships of bacterial 16S rRNA gene sequences (~700 bp)
retrieved from Movile Cave isolates grown on methylated amines, DGGE bands and clone libraries
from SIP enrichments with MMA; (a) Alphaproteobacteria, (b) Gamma- and Betaproteobacteria.
Methylotrophic isolates are coloured orange; non-methylotrophic isolates are blue. Red-coloured
sequences are derived from heavy DNA fractions (i.e. methylotrophs), dark-blue-coloured ones from
light fractions (non-methylotrophs). Trees were established using the neighbour-joining method (1,000
bootstrap replicates) and the maximum composite likelihood method for computing evolutionary
distances. Numbers at nodes indicate bootstrap values. All bacterial sequences refer to type strains (as
listed on LPSN), unless strain names are indicated. Abbreviations: u., uncultured; unc., uncultured.
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A number of isolates obtained on methylated amines initially appeared to grow
methylotrophically but ceased to grow after several subcultures. Some of these organisms
were subsequently found to use methylated amines as a nitrogen source only (Rhodobacter,
Pseudomonas). Meanwhile, a number of isolates did not show growth in liquid medium even
after alternative carbon sources (glucose, fructose, succinate, glycerol, pyruvate and acetate)
were added, and were therefore discarded. For instance, strains of Sinorhizobium / Ensifer
(99% identity to Sinorhizobium morelense / Ensifer adhaerens) were highly abundant in
enrichments with DMA as the sole carbon and nitrogen source (based on microscopic
observations and 16S rRNA gene sequencing of colonies). They initially grew well on plates
with DMA as the sole carbon and nitrogen source, but growth ceased after several
generations. Unlike the aforementioned organisms, Sinorhizobium / Ensifer also failed to
grow with methylated amines as a nitrogen source once additional carbon was provided.
Similarly, several isolates of Caulobacter (99% identity to Caulobacter segnis) were obtained
from MMA, DMA and TMA enrichments set up with samples from floating mat and wall
biofilm. While producing some growth on DBS-C MMA plates (Figure 3.3), they were unable
to grow in liquid DBS-C MMA medium.

Figure 3.3 Micrographs showing growth of a Caulobacter sp. isolated from Movile Cave on DBS-C
MMA plates (left) and on R2A plates, (right). While producing some growth on plates with MMA as

sole nitrogen source, the organism did not grow in liquid medium unless NH," was added.

All of the methylotrophic isolates obtained in the course of this PhD were found to be
facultative, i.e. also able to use sugars or carboxylic acids for growth. Furthermore, all
methylotrophs could use all three methylated amines as sole growth substrates in situ, with
the exception of Catellibacterium sp. LW-1, which was unable to utilise DMA (Table 3.1).
Generally, fastest growth occurred with MMA, with the exception of all Xanthobacter
tagetidis isolates, which grew rapidly on TMA but showed rather weak growth on MMA and
DMA.
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3.3 Isolation of non-methylotrophic bacteria (and yeast)

In a separate experiment, heterotrophic bacteria capable of using methylated amines as
a nitrogen (but not carbon) source were enriched and isolated using the same sample material
as used for isolation of methylotrophs. MMA, DMA or TMA, respectively, were the only
added nitrogen sources in these enrichments, with a mixture of sugars and carboxylic acids
(comprising glucose, fructose, succinate, glycerol, pyruvate and acetate) added as alternative
carbon and energy sources. Growth was visible in liquid enrichments as flakes of biomass
material after two weeks of incubation at 21°C in the dark. Subcultures of these enrichments
showed turbidity after several days of incubation. Dilutions of the subcultures were then
transferred onto agar plates (the solid media contained the same substrate as used in the
respective liquid enrichment), and a range of colony types became visible within a few days
of incubation. Following purification on plates, the individual isolates were grown in liquid
medium, generating a total of ten non-methylotrophic bacterial isolates capable of using
methylated amines as nitrogen sources (identified by 16S rRNA gene sequencing), including
Alpha-, Beta-, and Gammaproteobacteria (Table 3.1, Figures 3.2a and b). Purification of non-
methylotrophs was noticeably more difficult than for methylotrophs since contaminants were
harder to eliminate with the added carbon in the medium. Co-enriched heterotrophic
organisms (Figure 3.4) probably used NH," released by MA utilisers, as a nitrogen source.
Several isolates transferred into liquid from what was believed to be single colonies on plates
turned out to be contaminated, e.g. Oleomonas (Figure 3.5). Dilution to extinction approaches
were not successful in obtaining pure cultures either. The swarming growth and lack of single
colonies of Oleomonas on plates (Figure 3.6) presented an additional challenge for
purification of this organism. In some cases, R2A plates proved useful for purification
purposes, however some MA-utilisers (namely Rhizobium sp. A2-25M-y3a and Shinella sp.
A2-41x) were unable to grow on R2A.

The facultative methylotrophs Xanthobacter tagetidis and Paracoccus yeei, isolated
previously under methylotrophic conditions (see section 3.2.), were also isolated from
microcosms with methylated amines and added multi-carbon compounds. Other
methylotrophs, such as Methylobacterium, were not detected, indicating they may be

outgrown by heterotrophs under these conditions.
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Figure 3.4 Micrograph of a liquid enrichment culture (DBS-C MMA, 30°C, pH 5.5) that resulted in
isolation of species of Oleomonas (short rods), Bacillus and Paenibacillus (filamentous bacteria). Only

Oleomonas was subsequently found to use MMA as a nitrogen source.

Figure 3.5 Micrographs of Oleomonas isolates from Movile Cave.
Left: Liquid culture of Oleomonas sp. O3 with co-enriched filamentous bacterium.
Right: Purified cultures of Oleomonas sp. O1 (top) and Oleomonas sp. O3 (bottom).
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Figure 3.6 Swarming growth of Oleomonas sp. O1 (left) and Oleomonas sp. O3 (centre and right) on

plates made purification of these isolates difficult.

All of the non-methylotrophic isolates used MMA as a nitrogen source, while only
some could use DMA and TMA (Table 3.1), suggesting that many lack the enzymes for de-
methylation of secondary and tertiary methylated amines to MMA. Of the two closely related
Oleomonas strains (both isolated form Airbell 2 mat / water enrichments with MMA as a
nitrogen source), Oleomonas sp. O1 was able to use both MMA and DMA, while Oleomonas
sp. O3 could only use MMA. Of the two Acinetobacter isolates, Acinetobacter johnsonii
(isolated from Airbell 1 water with MMA as a nitrogen source) was able to use MMA, DMA
and TMA as nitrogen sources, while Acinetobacter Iwoffi (isolated from Airbell 2 water with
MMA as a nitrogen source) could use only MMA and DMA. Acinetobacter Iwoffi was also
detected in 2C-DNA fractions from MMA-SIP (see Chapter 4, sections 4.3.3 and 4.4; Figures
4.4 and 4.7), suggesting that this organism, and other non-methylotrophs, may play an active

role in the cycling of methylated amines in Movile Cave.

In addition to bacterial isolates, a methylotrophic, pink yeast was isolated from a
number of enrichments (Figure 3.7). The isolate shared 100% 16S rRNA gene sequence
identity to Rhodotorula rubra, a euryhaline yeast of marine origin (Robertson & Button,
1979). While the isolate was able to use MMA, DMA and TMA as nitrogen sources, it could
grow methylotrophically only with methanol as a carbon source. These results agree with
studies of other methylotrophic yeast species, all of which seem to be able to use methanol,
but not methylated amines as a carbon source (van Dijken & Bos, 1981; Negruta et al., 2010;
Yurimoto et al., 2011). The identification of a methanol- and methylated amine-utilising yeast
is of interest as fungi comprise a large part of the floating mats in Movile Cave (based on
microscopic observations, Figure 3.8, and results published by Séarbu et al., 1994) and may

therefore play a significant role in the cycling of one-carbon compounds in Movile Cave.
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Figure 3.7 (left) Dividing cells of the methylotrophic yeast Rhodotorula rubra, isolated from Movile
Cave
Figure 3.8 (right) MAR image showing filamentous fungi in a sample of Movile Cave mat.

(copyright Rich Boden)

In addition to alpha-, beta-, and gammaproteobacterial isolates, several gram-positive
bacteria from the classes Actinobacteria (Arthrobacter, Brevibacterium, Micrococcus) and
Firmicutes (Bacillus, Paenibacillus) were isolated from enrichments with methylated amines
and added carbon. However, while growing well on plates with MMA as the sole nitrogen
source, none of these organisms produced any growth in liquid media unless ammonium was
added (suggesting they may have been scavenging trace amounts of nitrogen present in the
agar). This was somewhat surprising as Arthrobacter, Bacillus, Brevibacterium and
Micrococcus are all known to contain methylotrophic species, some of which also grow on
MMA (e.g. Levering et al., 1981; Dijkhuizen et al., 1988; Nesvera et al., 1991; Boden et al.,
2008; Hung et al., 2011). Consulting the literature on these organisms did not indicate any
special growth requirements that had not been met, and control incubations with added
ammonium produced rapid growth. Both Bacillus sp. and Paenibacillus sp. (Figure 3.9b)
initially seemed to grow well in liquid medium with MMA as the only nitrogen source, and
were preserved as glycerol stocks. Unfortunately, upon restreaking the glycerol stocks on
R2A, it became clear that both Bacillus and Paenibacillus were contaminated with
Oleomonas. After purification, both isolates maintained good growth on plates with MMA as
the sole nitrogen source, but showed no growth whatsoever in liquid DBS-C MMA medium
once the Oleomonas was removed. These results confirm that the gram-positive bacterial

strains isolated from Movile Cave do not use MMA as a nitrogen source in liquid medium.

As with the gram-positive isolates, a Sphingopyxis sp. isolate grew well on solid but
not liquid DBS-C MMA medium. Similarly, isolates of Azospirillum sp. (Figure 3.9a) and
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Aeromonas hydrophila did initially produce good growth in liquid medium with MMA as the
sole nitrogen source. Curiously however, these strains lost this ability over a number of
generations. Published genome data of the Azospirillum strain B510 NC_013855 show that
this organism carries the gmaS gene on a plasmid. This may also be true for the above Movile

Cave isolates, suggesting they may have lost the genetic potential to utilise MMA over time.

Figure 3.9 Azospirillum (left) and Paenibacillus (right) isolates from Movile Cave. Azospirillum lost
the ability to grow with MMA as a nitrogen source. Putative pure cultures of Paenibacillus appearing
to grow with MMA as a nitrogen source turned out to contain Oleomonas. Images shown were of

cultures growing on R2A medium.

3.4 Two new methylotrophic strains from Movile Cave:

Catellibacterium sp. LW-1 and Mesorhizobium sp. 1M-11

Two of the six methylotrophic strains isolated from Movile Cave in the course of this PhD
belong to bacterial genera which have not previously been shown to grow methylotrophically:
Catellibacterium sp. LW-1, isolated from lake water, and Mesorhizobium sp. 1M-11, isolated
from a floating mat. Both strains were isolated with MMA as the sole carbon and nitrogen
source and are facultative in their use of methylated amines, as they are also able to utilise
multi-carbon compounds for growth (a mixture of glucose, fructose, succinate, glycerol,
pyruvate and acetate was used). Cells of Catellibacterium sp. LW-1 were non-motile, short
rods (1 - 1.5 um; Figures 3.1 and 3.10a), while cells of Mesorhizobium sp. 1M-11 were motile
rods with varying length: (~1 pm on MMA medium; Figure 3.1, and ~2.5 um on DMA
medium; Figure 3.10b). Details of growth characteristics and 16S rRNA gene phylogeny of
the two isolates are summarised in Table 3.2.
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a b
Figure 3.10 Micrographs of Catellibacterium sp. LW-1 (a) and Mesorhizobium sp. 1M-11 (b),
methylotrophic isolates from Movile Cave.

3.4.1 Growth characteristics of Catellibacterium sp. LW-1 and
Mesorhizobium sp. 1M-11

While Mesorhizobium sp. IM-11 grew on all three methylated amines tested,
Catellibacterium sp. LW-1 was unable to grow on DMA, but grew equally well with MMA or
TMA. Generation times for Mesorhizobium sp. 1M-11 on methylated amines were in the
range of 11.6 — 17.3 h, and significantly shorter when multi-carbon compounds were supplied
(< 4 h). Meanwhile, Catellibacterium sp. LW-1 grew with similar generation times on MMA
(46h) or TMA (3.6h) as with multi-carbon compounds (<4h) when substrate

concentrations were not limiting.

When growing on methylated amines, Mesorhizobium sp. 1M-11 furthermore
exhibited a much longer lag phase (25-30 h) than on multicarbon compounds (<5 h).
Catellibacterium sp. LW-1 exhibited a similar lag phase (<5 h) on multicarbon compounds.
However, when growing on methylated amines, the lag phase of Catellibacterium sp. LW-1
was significantly shortened by the use of fresh inoculum into pre-warmed fresh medium,
reducing the lag phase from 20 h to <5 h. In contrast, the activity of the inoculum had no

noticeable effect on the growth of Mesorhizobium sp. 1M-11.

PCR primers targeting the gene for gamma-glutamylmethylamide synthetase (gmas),
a key enzyme of the recently discovered indirect MMA-oxidation pathway, developed in this
PhD (see Chapter 5), detected gmaS in both Mesorhizobium sp. 1M-11 and
Catellibacterium sp. LW-1 (Chapter 5, section 5.5., Table 5.2). Additionally, genome
sequencing of the two isolates (carried out by Deepak Kumaresan) revealed the presence of
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the gene for methylamine dehydrogenase (mauA), indicative of the conventional, direct MMA
oxidation pathway in Catellibacterium sp. LW-1, but not in Mesorhizobium sp. 1M-11. These
findings pose the question whether the observed differences in doubling time between the two
isolates (< 4 h compared to > 11 h) when growing methylotrophically on MMA might be due
to the higher energy requirements of the indirect MMA pathway (1 ATP per reaction is used,
see Figure 5.1b in Chapter 5) compared to the mauA-mediated pathway. Detailed chemostat
experiments will be required to establish whether this is the case. It will also be interesting to
understand the regulation of the two MMA-oxidising pathways in Catellibacterium sp. LW-1
under different growth conditions. Quantitative PCR and expression studies could also give
valuable clues as to the expression and regulation of these two enzyme systems.

Table 3.2 Characteristics of two new methylotrophic strains from Movile Cave

Catellibacterium sp. LW-1 Mesorhizobium sp. 1M-11

Isolation source / Lake water / Airbell 1 floating mat /

substrate MMA MMA

16S rRNA gene phylogeny  99% Catellibacterium caeni 99% Mesorhizobium loti
(Rhodobacteraceae,Rhodobacterales, (Phyllobacteriaceae, Rhodobacterales,
Alphaproteobacteria) Alphaproteobacteria)

Morphology Short rods Rods, varying length

Motility Immotile Motile

Carbon sources:

MMA /DMA//TMA +/-/+ +/+/+

Methanol - -

Multi-carbon compounds + +

Doubling times (d):

MMA d=46h d=138h

DMA No growth d=116h

TMA d=3.6h d=173h

Multi-carbon compounds d=3.6h d=3.6h

MMA oxidation key genes  gmaS + mauA* gmas

Abbreviations: MMA, monomethylamine; DMA, dimethylamine; TMA, trimethylamine. Results
marked * are based on genome analysis, as initial PCR-based screening did not detect the mauA gene

in either isolate.
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There was no difference in the growth behaviour of either organism when MMA was
replaced with ammonium as the nitrogen source, and neither of the strains was able to grow
without the addition of a fixed nitrogen source. No growth occurred under anoxic conditions
with nitrite, nitrate or without added electron acceptors under the conditions used (for details
see Chapter 2, section 2.6.5). Neither Catellibacterium nor Mesorhizobium were able to use
methanol as a carbon source, while controls with methanol and added MMA produced good
growth, ruling out a toxic effect from the methanol. Interestingly, the Catellibacterium species
most closely related to the Movile isolate, C. caeni, has been reported to utilise methanol as a
carbon source (Zheng et al., 2011).

3.4.2 The genus Catellibacterium

The genus Catellibacterium, belonging to the family Rhodobacteraceae, is relatively new,
comprising, at the time of writing, five validated species: Catellibacterium nectariphilum
(Tanaka et al., 2004), Catellibacterium aquatile (Liu et al., 2010), Catellibacterium caeni
(Zheng et al., 2011), Catellibacterium changlense (Anil Kumar et al., 2007; Zheng et al.,
2011) and Catellibacterium nanjingense (Zhang et al., 2012). Catellibacterium is closely
related to several other genera of the Rhodobacter Clade, namely Paracoccus, Rhizobium and
Gemmobacter. The exact classification of species assigned to these genera is in places not
entirely clear and has been interpreted differently by different authors (in a recent publication,
the suggestion was made to re-assign all species of Catellibacterium to Gemmobacter; Chen
et al., 2013). However, the genus Catellibacterium is of interest as several of its species have
been isolated in connection with their ability to degrade various pesticides, namely propargite,
methomyl, propanil and butachlor (Shen et al., 2007; Xu et al., 2009; Zhang et al., 2012;
Zheng et al., 2012). Growth on C; compounds has not been reported for this genus so far,
with the exception of C. caeni which grows on methanol (Zheng et al., 2011). At the time of
writing, the only available Catellibacterium genome is that of C. nectariphilum. No genes
associated with MMA oxidation (gmaS or mauA) have been detected in this genome,
suggesting that this organism does not have the genetic capability to utilise methylated

amines.
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3.4.3 The genus Mesorhizobium

Rhizobia, a collective term used for bacteria of the genera Mesorhizobium, Rhizobium,
Sinorhizobium and Bradyrhizobium, are soil and rhizosphere bacteria which are able to
establish intracellular Ny-fixing symbioses with leguminous plants (e.g. reviews by
Bottomley, 1992; Martinez-Romero, 2006; Hayat et al., 2010; Lindstrom et al., 2010; Laranjo
et al., 2014). In a legume nodule, the host provides C4 dicarboxylates to symbiotic Rhizobia
as the carbon source; Rhizobia fix atmospheric nitrogen (N) and provide ammonia to the host
as a nitrogen source in return (Prell & Poole, 2006). Rhizobia have received much attention in
the last few decades since they account for at least half of all biologically fixed nitrogen in
agriculture, and are the most important route for sustainable nitrogen input into the agro-
ecosystems (Lindstrom et al. 2010). The genus Mesorhizobium is therefore mainly known for
its legume-nodulating, N,-fixing strains. Mesorhizobium loti which, based on 16S rRNA gene
analysis, is 99% identical to the Movile Cave isolate Mesorhizobium sp. 1M-11, is a model
organism for legume-rhizobia symbioses (e.g. Kaneko et al., 2000; Uchiumi et al., 2004;
Tatsukami et al., 2013). An important feature of the M. loti genome (Kaneko et al., 2000) is
the arrangement of the symbiotic N, fixation genes in a cluster on a 500 kb segment of DNA,
called the “symbiosis island”, which is horizontally transferred to non-symbiotic
Mesorhizobium species, conferring the ability to fix nitrogen symbiotically (Sullivan &
Ronson, 1998; Uchiumi et al., 2004). Non-symbiotic Mesorhizobium strains are found in
nature that lack a symbiotic island (Sullivan et al., 1996). In addition to the symbiotic
lifestyle, rhizobia also have a free-living condition and can survive in soils through many
environment stresses, such as nutrient starvation (Uchiumi et al., 2004). Even though genome
and transcriptome analyses of rhizobia have been carried out, their lifestyle in the

environment remains largely unknown (Tatsukami et al., 2013).

At the time of writing, the Movile Cave isolate Mesorhizobium sp. 1M-11 represents the
first member of the genus Mesorhizobium shown to grow methylotrophically. However, while
unable to use methylated amines as a carbon source, utilisation of methylated amines as a
nitrogen source has recently been demonstrated for a closely related Mesorhizobium loti strain
(Chen et al., 2010b). Furthermore, Mesorhizobium loti has been shown to contain gmas,
encoding a key enzyme for the indirect MMA oxidation pathway. Interestingly, despite being
99% related based on 16SrRNA gene comparison, the gmaS gene sequences of
Mesorhizobium sp. 1M-11 and Mesorhizobium loti affiliate with different clusters in the gmaS

tree (see Figure 5.12).
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Chapter 4. ldentification of methylotrophic bacteria in Movile Cave by
DNA-stable isotopic probing (SIP) with **c-monomethylamine
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4.1 Introduction: SIP as a tool in microbial ecology

To identify major MMA-utilising bacteria in Movile Cave and follow the flow of Ci-carbon
down the food chain, SIP experiments with **C-labelled monomethylamine (MMA) and
dimethylamine (DMA) were set up as a key experiment of this PhD thesis. A time-course
approach was chosen in order to assess changes in the methylotrophic community and reveal

potential cross-feeding over time following incubation with **C-labelled substrates.

The microbial food web in Movile Cave is highly complex and to a large extent still
unexplored. While traditional, culture-based approaches (including isolation and most
probable number (MPN) counts) have generated valuable information on physiological
groups present in the cave, (Sarbu et al., 1994; Vlasceanu et al., 1997; Rohwerder et al.,
2003), microorganisms that are difficult to cultivate under laboratory conditions may remain
undetected by these methods. Molecular-based studies have also been used to assess the
microbial diversity in Movile Cave based on 16S rRNA genes (Chen et al., 2009; Porter et al.,
2009). While these methods have the advantage of detecting uncultivated members of the
microbial community, phylogenetic information alone does not generally provide insight into
the physiological roles of these organisms. Many species are metabolically versatile and even
closely related organisms may carry out different processes. Furthermore, many of the
generated DNA sequences may relate to so far uncharacterised organisms which can therefore
not be identified.

Stable isotope probing (SIP) techniques (Radajewski et al., 2000; Murrell & Whiteley,
2010) can overcome some of the above-mentioned limitations and have therefore become
invaluable tools in microbial ecology. SIP is achieved by incubation of an environmental
sample with a labelled substrate, such as [**C]-enriched carbon compounds, or [**N]-enriched
nitrogen compounds. When organisms consume the substrate, the heavy isotopes are
incorporated into all of their cellular constituents, e.g. DNA, RNA, protein. Subsequent
analysis of labelled biomarker molecules allows the identification of those organisms growing
on the specific substrates. The SIP technique thereby allows linking microbial processes to the

microorganisms actively involved, including those that may be difficult to isolate.

Both DNA-SIP and RNA-SIP have been successfully applied in the study of
methylotrophic communities from a broad range of environments (e.g. Radajewski, 2002;
Lueders et al., 2004; Nercessian et al., 2005; Neufeld et al., 2007a, 2008; Moussard et al.,
2009; Antony et al., 2010). While DNA-SIP is less sensitive than RNA-SIP (growth of the

active organism is required in order for the DNA to replicate and become sufficiently labelled
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with 3C), it is easier, owing to the less fragile nature of DNA, and has the advantage of
allowing access to the full genome of the labelled organism. DNA-SIP has been successfully
used for the identification of active methanotrophs (Hutchens et al., 2004) and autotrophs
(Chen et al., 2009) in Movile Cave. However, no SIP studies dedicated to methylated amine
utilisers in Movile Cave have been carried out. In this thesis, DNA-SIP time-course
experiments with *C-labelled MMA and DMA were carried out in order to expand on

previous studies of methylotrophic bacteria in Movile Cave.

4.2 Substrate uptake experiments with MMA, DMA, TMA and in situ

concentrations of MMA in Movile Cave

Prior to incubating cave water samples with *C-labelled substrate, substrate uptake
experiments with unlabelled MMA, DMA and TMA (2.5 mM substrate added to 20 ml
sample in 120 ml vials, for details see Chapter 2, section 2.4) were carried out in order to get
an indication of the rates of consumption of the different methylated amines in Movile Cave
microcosms. The obtained data would then be used to determine the harvesting time points
used in the SIP experiments. Resuls of substrate uptae experiments revealed that all three
substrates tested were consumed in the microcosms. However, methylated amine
concentrations are difficult to measure; at the time of the SIP experiments, there was no
reliable and convenient method of measuring the concentrations. Colorimetric assays
following the depletion of methylated amines did not result in robust results and had to be
abandoned. As a result, the time points for the SIP experiments were chosen randomly (at 48
hours, 96 hours, 5 weeks; see sections 4.3 and 4.4 below).

Since then, a sensitive ion chromatography (IC) -based method with a detection limit
of 1 uM MMA has been developed (Lidbury et al., 2014). Retrospective measurements of
MMA concentrations in SIP enrichments, carried out on frozen supernatant that had been
preserved, showed the depletion of MMA over time (Figure 4.1.): In enrichments set up with
floating mat material, the MMA concentration had decreased to 0.03 mM at t=3 (5 weeks of
incubation), i.e. only about 0.5% of the added 2.5 mM substrate were left (not taking into
account any intrinsic MMA in the mat). At the same time point, in enrichments set up with
cave water, about 5% of substrate (0.12 mM of 2.5 mM MMA) was left, suggesting more
rapid MMA turnover in the floating mats.

The 1C-based method was also used to measure standing concentrations of MMA in

cave water samples (filtered and frozen immediately after sampling). The concentrations were
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below the detection limit of the ion chromatograph (i.e. below 1 pM), suggesting that MMA
is rapidly turned over by microorganisms in Movile Cave. MMA concentrations in floating
mat samples were not measured due to time limitations but are estimated around 5 mM based
on concentrations measured in SIP enrichments (after 48 h of incubation a concentration of

7.5 mM MMA was measured, although only 2.5 mM had been added to the incubation).

pSlem
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O 5660
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x t3=5 weeks
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569.0 -
5700
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Figure 4.1 Decrease of MMA concentration over time in enrichment cultures from floating mat

samples, measured by ion chromatography of frozen supernatant.

4.3 DNA-SIP experiments with MMA reveal a shift in the methylotrophic

community over time and identify new methylotrophs in Movile Cave

For the identification of active methylated amine-utilising bacteria in Movile Cave, cave
water samples were incubated in separate SIP experiments with either **C-labelled MMA or
B3C-labelled DMA (*3C-labelled TMA was not readily available) in small microcosms (120 ml
serum vials, see below). The SIP-incubations were set up by adding 50 umol labelled
substrate to 20 ml cave water in 120 ml serum vials and incubating at 21°C in the dark over a
5-week time course (a detailed description of the SIP set up is given in Chapter 2, section
2.4). Microcosms with cave water and 50 umol of unlabelled (**C) MMA or DMA were set
up alongside and treated in the same way; these incubations served as controls to confirm the
3C-label did not affect the enrichment. Additionally, control incubations with no added
substrate (referred to as “no-substrate controls” from here on) were set up as a second set of
controls (to determine whether the community changes observed in SIP enrichments were a

result of methylated amine addition). No floating mat material was used in the SIP
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experiments and no replicates could be set up due to limitations in the amount of sample
material available (the sample material was used for additional SIP experiments with methane
and sulfur compounds as well as isolation experiments and MAR-FISH). However, **C-MMA
and *C-MMA enrichments practically functioned as replicates for the overall change in the
bacterial community (see below). SIP incubation samples were harvested at 3 time points: t=1
(48 h); t=2 (96 h); t=3 (5 weeks). A separate microcosm was set up for each time point and
samples were harvested by centrifuging (5,000 xg) the entire content of the respective
microcosm and discarding the supernatant Samples for t=0 were prepared by spinning down
20 ml of cave water immediately after sampling). The samples were then processed by (i)
extracting DNA, (ii) performing ultracentrifugation and fractionation for the separation of
heavy (labelled) from light (unlabelled) DNA, (iii) performing DGGE of fractionated and
unfractionated (native) DNA, and (iv) sequence analysis of significant DGGE bands.

4.3.1 Analysis of the overall bacterial community in MMA microcosms
(unfractionated DNA)

Prior to ultracentrifugation of DNA, the overall change in the microbial communities in cave
water microcosms following incubation with MMA was assessed. This was done by
denaturing gradient gel electrophoresis (DGGE) of bacterial 16S rRNA gene amplicons from
unfractionated DNA of each of the time points (for both *C-MMA and *C-MMA). The
purpose of this was to firstly determine whether incubation with MMA had resulted in any
microbial enrichment, and to secondly assess whether replicate microcosms (**C-MMA and
12C-MMA enrichments) produced similar community profiles. Comparison of DGGE profiles
from different time points showed no significant differences between the t=0 and t=1 (48
hours) samples. However, at t=2 (96 hours) and t=3 (5 weeks), the bacterial communities had
significantly changed (Figure 4.2). The DGGE profiles obtained for enrichments with **C-
MMA were highly similar to those obtained with *2C-MMA (Figure 4.2), except for the final

time point (t=3), most likely due to more pronounced bottle effect after 5 weeks incubation.



CHAPTER 4 89

Figure 4.2 DGGE analysis of bacterial 16S rRNA gene fragments (341f-GC / 907r) amplified from
native (unfractionated) DNA from incubations of Movile Cave water with *C-MMA (left) and
unlabelled MMA (right), after 48 hours (t=1), 96 hours (t=2) and 5 weeks (t=3).

4.3.2 Analysis of *C-labelled bacterial communities in MMA microcosms
(heavy DNA fractions)

For identification of active methylotrophs, DNA extracted from all time points was subjected
to CsCl density gradient centrifugation and fractionation, allowing separation of **C-labelled
DNA (contained in heavy fractions) from non-labelled, ?C-DNA (contained in light
fractions). Bacterial 16S rRNA gene fragments were amplified from all DNA fractions and
analysed by DGGE and Sanger sequencing. Due to the low amount of biomass in the cave
water (and the limitations with regard to sample volume), the total yield of DNA extracted
from the microcosms was rather low at < 1000 ng per microcosm. Therefore, all available
DNA was used for ultracentrifugation, and all analyses following fractionation were carried
out on PCR-amplified DNA only. After CsCl density gradient centrifugation, a total of 11 —
12 DNA fractions were obtained for each sample. Measuring the density of each fraction
using a digital refractometer confirmed that a gradient had formed correctly across the
fractions (Figure 4.3).
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(1) Agarose gel analysis of fractionated DNA

Agarose gel electrophoresis of bacterial 16S rRNA gene amplicons obtained from the
respective CsCl gradient fractions indicated a clear concentration of DNA at the expected
densities (according to Neufeld et al., 2007) although separation of DNA was somewhat
smeared across neighbouring fractions (Figure 4.3). Sample t=1 (48 h) of the “*C-MMA
incubation yielded visible bands in the light fractions where non-labelled DNA was expected
(fractions 10-12, density range of 1.712-1.701 gml™), but did not contain detectable
amounts of labelled (heavy) DNA. This suggests that no significant incorporation of MMA,
i.e. enrichment of methylotrophs, had occurred in the first 48 hours of incubation. This time
point was therefore not further analysed. In contrast, samples t=2 (96 h) and t=3 (5 weeks) of
the *C-MMA incubation yielded PCR products in light fractions of the CsCI gradient, as well
in the density range of 1.719 — 1.726 (fractions F7-F8), where heavy, *C-labelled DNA was
expected. As expected, no DNA was observed in heavy fractions of any of the control
incubations with unlabelled, **C-MMA.

Heavy fractions —— > Light fractions

F1 F2 F3 F4 F5 F6 F7 F9 F10 F12

Figure 4.3 Agarose gel images of bacterial 16S rRNA genes fragments (341f-GC / 907r) amplified
from fractionated DNA of “*C-MMA-SIP incubations at different time points (t1 =48 h; t2 =96 h; t3
= 5 weeks), indicating a shift from light towards heavy DNA over time. 13C-labelled DNA is expected

at a density of ~1.725 g ml-1 (fractions F7-F8). Non-labelled DNA is expected in the upper fractions,
in the density range of 1.70-1.72 (fractions F10-F12). Abbreviations: F1- F12 = Fractions 1 - 12.
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(i) DGGE analysis and 16S rRNA gene sequencing of *C-labelled DNA

Following agarose gel electrophoresis, bacterial 16S rRNA genes amplified from relevant
fractions of "*C-MMA incubations (fractions F7-F12; Figure 4.3) were analysed by DGGE in
order to compare *3C-labelled and non-labelled bacterial communities at time points t2 (96 h)
and t3 (5 weeks). DGGE profiles of 16S rRNA genes amplified from heavy and light DNA
from t2 and t3 revealed major differences in the bacterial community composition at the two
time points (Figure 4.4). A single 16S rRNA band appeared in the heavy fractions of the t2
sample (F7-1 of Figure 4.4a). Sequence analysis of the excised band identified this as the
16SrRNA gene sequence from Methylotenera mobilis (99% identity, sequence MH2_F7 1 in
Figure 3.2b), an obligate methylotrophic bacterium (Kalyuzhnaya et al., 2006a) known to be
abundant in Movile Cave (Chen et al., 2009). This result indicates that only M. mobilis had
incorporated significant amounts of **C-carbon at 96 hours, suggesting it was the most active
methylotroph in the earlier stages of MMA incubation. The same 16S rRNA gene band was
also prominent in the DGGE profile of the unfractionated t=2 sample (Figure 4.2; Figure 4.4b
left), suggesting that M. mobilis also dominated the overall bacterial community as a result of

selective enrichment with MMA.

DGGE profiles of the bacterial communities present in heavy CsCl fractions after 5
weeks of incubation (t=3) were noticeably different from those at 96 h (t=2) of incubation
based on DGGE profiles (Figure 4.4): The DGGE band affiliated with Methylotenera mobilis
band was no longer present. Instead, 16S rRNA gene profiling revealed a number of different
phylotypes in heavy CsCI fractions, suggesting a more diverse bacterial community had
incorporated the *3C-label from MMA after 5 weeks of incubation. Sequence analysis of these
DGGE bands identified 16S rRNA gene sequences affiliating with Methylovorus (97%
identity to Methylovorus menthalis; sequence MH3_F8 2 in Figure 3.2b) and
Methylobacterium extorquens (100% sequence identity; sequences MH3 F7_4 and
MH3_F7_5 in Figure 3.2a), both of which are well-characterised facultative methylotrophic
bacteria known for growth on methylated amines as carbon sources. M. extorquens was also
isolated from Movile Cave water and floating mat samples in this PhD project (see Chapter 3,
section 3.2). Other 16S rRNA gene bands from DGGE profiles affiliated with sequences from
bacterial genera not generally associated with methylotrophy or methylated amine utilisation:
Catellibacterium (98% identity to Catellibacterium caeni, sequence MH3_F8 5 in Figure
3.2a), Porphyrobacter (99% identity to Porphyrobacter neustonensis; sequence MH3 _F8 1
in Figure 3.2a), Altererythrobacter (99% identity to Altererythrobacter epoxidivorans;
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sequence MH3_F7_2 in Figure 3.2a) and Cupriavidus (99% identity to Cupriavidus necator,

formerly known as Ralstonia eutropha, sequence MH3_F8 2).

The Catellibacterium 16S rRNA gene sequence identified from DGGE gels shared
98% sequence identity with the 16S rRNA gene sequence from Catellibacterium sp. LW-1, a
novel facultative methylotroph isolated from Movile Cave during this PhD with MMA as the
only source of carbon, energy and nitrogen (see Chapter 3, section 3.2). Cloned 16S rRNA
gene sequences from **C-labelled DNA from t=3 (see 4.3.4.) also included sequences that
shared 100% identity with the 16S rRNA gene from the methylotrophic Catellibacterium
isolate (clone sequence MH3_F8 16 in Figure 3.2a). Catellibacterium-related sequences were
furthermore identified in heavy DNA fractions from *C-DMA enrichments (see 4.4). Taking
these results together, Catellibacterium is likely to be among the most active MMA-utilising
methylotrophs in Movile Cave.

Since no representatives of Cupriavidus, Porphyrobacter or Altererythrobacter have
been isolated from Movile Cave, these organisms have not been tested for growth with
methylated amines. However, the published genome of Cupriavidus necator (Ralstonia
eutropha), an organism capable of growing on aromatic and chloroaromatic compounds
(Perez-Pantoja et al., 2008) was found to contain gmaS: When aligned with gInA and gmaS
sequences, the gene annotated as gInA clearly fell within the betaproteobacterial gmas cluster
(see Figure 5.12), indicating at least the genetic potential for MMA utilisation. gmaS genes
associated with Cupriavidus were also identified from metagenome data of Movile Cave mat
(Jason Stephenson, personal communication), suggesting that this organism may indeed play
a role in MMA utilisation in the cave. Furthermore, strains of Cupriavidus necator have
recently been reported to grow methylotrophically on formaldehyde and methanol (Habibi
& Vahabzadeh, 2013). Methylotrophic growth on methanol and methylated amines has also
been reported for strains of a different Ralstonia species, Ralstonia pickettii (Hung et al.,
2011).  Porphyrobacter are  alphaproteobacterial,  bacteriochlorophyll-producing
chemoheterotrophs. The genus Porphyrobacter is of interest because of the ability of several
species to degrade polycyclic aromatic hydrocarbons (Hiraishi et al., 2002; Wang et al.,
2012). To date, methylotrophy has been reported only for one strain of Porphyrobacter
neustonensis, which was able to utilise MMA as sole carbon and energy source (Fuerst et al.,
1993). Like Porphyrobacter, Altererythrobacter belong to the family of the
Erythrobacteraceae and contain several species known to degrade polycyclic aromatic
hydrocarbons (Kwon et al., 2007; Teramoto et al., 2010). Methylotrophic growth has not been
reported for this genus.



'(q) @ouala)al 40} suonoel ayl spisbuole unJ alem sjulod awil Ylog Jo NG pareuoiioeigun Jo ssjijoid 399 '(2) sgam G pue () SInoy 96 Jae Ja1em aAe) 3|IAOIA

40 suoneqnaUl VINIIN-D,,; Woij suonoely wNQ Aneay pue 1y6ij woly paytjdwe (1206 / 29-TE) siuawbely sush YNYI ST [elis1oeq Jo sisAfeue 3990 't 84nbi4

1ffom| 43300q033u1dYy 2-2T4
‘ds wnjjuidsozy -014 *ds pboydouaboipAH £-TT4 13390q0poyy / winliadnqoiby g-64
*ds mc:.o.EoEO Z-0T4 ‘ds nboydouaboipAH z-TT4 *ds eSeydouaSoipAH z-64

winiia331anqoajoid-A -aun T-0T4 win1i3390q0330.d-A aun T-IT4

114 oT4 64 94 :suoljoeld €1 (4 [A%F I 1% otd :suonoetd

VNd
VNQ y3n pajeuoloesjun VNa ysn




94

While it cannot be ruled out that cross-feeding of carbon through the microbial food
chain led to *C-labelling of some non-methylotrophic organisms in the microcosms, all
16S rRNA gene sequences obtained from DGGE profiles of heavy DNA (i.e. **C-labelled
organisms) were exclusive to enrichments with added MMA, and were not detected in “no-
substrate controls” (Supplementary Figure S1; Supplementary Table S2). This suggests that
those organisms were enriched as a result of incubation with MMA, even if the labelling was
secondary (i.e. due to cross-feeding of *C-carbon). While DGGE-based analysis does not
provide quantitative data, it is worth noting that 16S rRNA gene bands related to
Porphyrobacter and Altererythrobacter were of very high intensity (similar to that of the
Catellibacterium 16S rRNA gene band, and much more intense than those of
Methylobacterium or Methylovorus; Figure 4.4). Additionally, 16S rRNA gene sequences
related to Porphyrobacter and Cupriavidus were also identified in heavy DNA fractions of
SIP enrichments with *C-labelled DMA (see section 4.4. and Figure 4.7). These results, taken
together with several reports of methylotrophic growth in Cupriavidus and Porphyrobacter
neustonensis, suggest that unrecognised methylotrophs may be key players in methylated

amine metabolism in Movile Cave.

4.3.3 Analysis of non-labelled bacterial communities in MMA microcosms
(light DNA fractions)

(iii)  DGGE analysis and 16S rRNA gene sequencing of non-labelled DNA

The non-methylotrophic bacterial community co-enriched in *C-MMA incubations was
investigated by sequence analysis of 16S rRNA gene bands excised from DGGE profiles of
non-labelled DNA (light CsClI gradient fractions; Figure 4.3). 16S rRNA gene sequences from
non-labelled DNA at both time points contained a diversity of mostly heterotrophic bacteria,
amongst which was the non-methylotrophic MMA utiliser Acinetobacter Iwoffi (100%
sequence identity; sequence MH2_F12 2 in Figure 3.2b), an organism which was isolated
from Movile Cave water with MMA as sole nitrogen source in this thesis (see Chapter 3,
section 3.3). Additionally, several sequences affiliated with 16S rRNA genes of members of
the Hydrogenophaga (sequences MH2_F9 2; MH2_F11 3 and MH2_F11 2ain Figure 3.2b),
a genus often associated with hydrogen and sulfur metabolism, containing species with
heterotrophic as well as chemolithoautotrophic lifestyles. Other 16S rRNA gene sequences
related to the genera Azospirillum, Rhodobacter and Oleomonas (species of which were also

isolated with MMA as nitrogen source, see Chapter 3, section 3.3), respectively. Finally,
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some 16S rRNA gene sequences from light fractions were not closely related to sequences
from any cultivated representatives (as little as 84-87% identity).

While sequences related to Hydrogenophaga, Azospirillum, Rhodobacter and
Oleomonas were also identified in “no substrate control” incubations (indicating that these
may be abundant organisms in Movile Cave), Acinetobacter-related sequences were not
detected in incubations without added MMA (Supplementary Figure S1; Supplementary
Table S2), suggesting that Acinetobacter Iwoffi was enriched in light fractions of *C-MMA
incubations due to its ability to use MMA as a nitrogen source (as shown by isolation studies,
Chapter 3, section 3.3).

4.3.4 Analysis of labelled and non-labelled bacterial communities in MMA

microcosms by cloning and sequencing of 16S rRNA genes

To complement results obtained from DGGE profiling, bacterial 16S rRNA gene-based clone
libraries were constructed from *C-MMA-SIP key fractions (F8 and F10 in Figure 4.4c) of
the final time point (t=3; 5 weeks incubation). Of the clones containing the correct insert size,
30 were randomly selected for restriction fragment length polymorphism (RFLP) analysis.
RFLP analysis of the cloned 16S rRNA genes was carried out using a double digest approach
with restriction enzymes BseGl and Eco88Il. These restriction enzymes were chosen for their
high level of discrimination between bacterial 16S rRNA gene sequences from Movile Cave
as determined by alignment of 16S rRNA gene sequences obtained from DGGE bands of
MMA-SIP microcosms (sections 4.3.2. and 4.3.3.) and Movile Cave isolates (Chapter 3) and

visualisation of restriction sites.

The resulting RFLP profiles of cloned 16S rRNA genes indicated a high level of
phylogenetic diversity within both **C-labelled und non-labelled bacterial communities
(Figures 4.5a and b). 14 clones with different RFLP profiles were selected for sequencing.
The 16S rRNA gene sequences obtained from these clones correlated with those previously
obtained from DGGE profiling of MMA-SIP microcosms. 16S rRNA gene-based
phylogenetic trees in Figures 3.2a and b (Chapter 3) provide an overview of the (**C-labelled
and un-labelled) sequences identified from MMA-SIP enrichments and from methylated

amine-utilising bacteria isolated form Movile Cave (see Chapter 3).
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Figure 4.5 a & b RFLP profiles of cloned 16S rRNA gene sequences (27f /1492r) from fractions F8
(top) and F10 (bottom) of CsCl gradients generated with DNA obtained from BC-MMA-SIP

experiments after 5 weeks (t=3), following enzymatic digest with BseGl and Eco88l.



CHAPTER 4 97

4.4. DNA- SIP experiments with DMA corroborate new methylotrophs

SIP enrichments were also set up from Movile Cave water with **C- labelled DMA. The yield
of DNA obtained from these enrichments (at all time points) was even less than for MMA,
with 400 - 500 ng DNA per microcosm, which is at the lower end of what is required for
successful fractionation and retrieval of *3C-labelled DNA. Due to the low DNA
concentrations, precipitated DNA from fractions was not run directly on agarose gels, but was
immediately amplified with 16S rRNA gene PCR primers 341f-GC / 907r. The amplification
products were then analysed by agarose gel electrophoresis. Only time point t=3 (5 weeks of
incubation) showed incorporation of **C-label into DNA. Therefore, all results here refer to
t=3 only. Agarose gel electrophoresis of bacterial 16S rRNA genes amplified from

fractionated DNA indicated a concentration of DNA at expected densities (Figure 4.6).

=- Heavy fractions Light fractions

b FI F2 F3 F4 F5 F6 | F7 F8 | F9 F10 F11 F12 + - B

- — =

T—r =

. e

o= v L N . - s e
==

®=%  13C.DMA (t3)

Fl F2 F3 F4 F5 F6 F7 F8 |F9 F10

unlabelled DMA (t3)

Figure 4.6 Agarose gel electrophoresis of bacterial 16S rRNA genes amplified from DMA-SIP DNA
following fractionation. Samples retrieved from incubations with 13C-labelled DMA show

concentration of DNA in heavy fractions (top), while DNA is concentrated in light fractions in the
case of control incubations with unlabelled (**C) DMA (bottom).

However, for both the *C-DMA and the *C-DMA enrichment, a faint band was
visible across all fractions. This was initially thought to be due to contamination of the
glycogen used for precipitation of fractionated DNA. However, the glycogen batch used was
found to be clean. The additional bands are most likely a result of residual DNA from the
sample which had not migrated to the expected fractions, combined with the low stringency of
the PCR conditions (required to generate sufficient PCR product from the low DNA
concentrations in the sample).
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DGGE analysis of bacterial 16S rRNA genes from all fractions supported this:
Community profiles of light and heavy key fractions differed visibly, with distinct bands
clearly assignable to *C-labelled or non-labelled DNA (Figure 4.7). DGGE bands visible in
non-specific fractions appeared at the same positions as those in key fractions, but were
significantly fainter, suggesting these products were indeed a result of amplification of
residual DNA from the sample that had not completely migrated through the CsCl gradient
during ultracentrifugation, rather than a contamination following fractionation. Comparison of
DGGE profiles and 16S rRNA gene sequence identities from the *C-DMA enrichment and
the unlabelled (**C) DMA control enrichment showed some differences in the community
composition of the two microcosms. This is likely due to a “bottle effect”, which will be more
pronounced after 5 weeks of incubation (as was also the case to some extent with t=3 of the
MMA-SIP enrichments, see Figure 4.2). These differences in community composition further
reduce the probability of contamination, since both samples were processed at the same time,

using the same reagents.

Bacterial 16S rRNA gene sequences (500 bp fragments) were obtained for a number
of prominent DGGE bands. While no known methylotrophs were identified, it is interesting to
note that 16S rRNA gene sequences from heavy fractions corresponded to those obtained
from *C MMA enrichments (see 4.3.2.), namely Catellibacterium (99% identity to C. caeni),
Cupriavidus (99% identity to C.necator) and Porphyrobacter (98% identity to
Porphyrobacter tepidarius). The Catellibacterium 16S rRNA gene sequence shared 99%
sequence identity with the methylotrophic Catellibacterium isolate Catellibacterium sp. LW-1
(see Chapter 3, section 3.2), and 98% sequence identity with the Catellibacterium sequence
from *C-MMA enrichments (over 500 bp). No 16S rRNA gene sequence data could be
generated from DGGE bands excised from light fractions of the **C-DMA enrichment.
However, some 16S rRNA gene sequences were obtained from the unlabelled DMA
enrichment. These included the non-methylotrophic MMA utiliser Acinetobacter Iwoffi
(100% identity), also previously detected in light fractions of *C-MMA enrichments and
isolated with MMA as a nitrogen source from Movile Cave water (see Chapter 3). A further
prominent 16S rRNA gene sequence was most closely related to the 16S rRNA gene of
Catellibacterium nectariphilum (Tanaka et al., 2004; 97% sequence identity), an organism not
closely related to C. caeni based on 16S rRNA gene sequences (94% sequence identity).
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Figure 4.7 DGGE analysis and identities of bacterial 16S rRNA gene fragments in heavy DNA
fractions from “*C-DMA incubations (left) and from incubations with unlabelled (**C) DMA (right) of

Movile Cave water after 5 weeks of incubation. DGGE profiles of unfractionated DNA of both
enrichments are shown for reference (centre).
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Chapter 5. The indirect methylamine oxidation pathway: Development of

new PCR primers and distribution of gmaS in Movile Cave.
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5.1 Introduction: Metabolic pathways of MMA oxidation, key genes and

biomarkers

All bacteria that use methylated amines as growth substrates (both methylotrophically and
non-methylotrophically) convert monomethylamine (MMA) into the central intermediate
formaldehyde. Formaldehyde (HCHO or CH,0) can be in free from or bound to
tetrahydrofolate (H,Folate) as 5,10-methylenetetrahydrofolate (CH,=H,Folate). HCHO or
CH,=H4Folate present the branching points at which carbon is either oxidised further to CO,,
or assimilated into cell carbon via the pathways described in Chapter 1 (section 1.4.5). The
enzymes (and associated genes) involved in the oxidation of MMA are therefore valuable
biomarkers for the identification of bacteria utilising methylated amines. There are two
possible pathways for the oxidation of MMA by bacteria (Figures 5.1a and b): In the well-
characterised, direct MMA oxidation pathway, a single enzyme oxidises MMA to
formaldehyde, releasing NH," (Figure 5.1a). In methylotrophic gram-positive bacteria the
enzyme responsible is MMA oxidase, while in gram-negative methylotrophs it is MMA
dehydrogenase (MADH) (Anthony, 1982). The MADH-based pathway has long been
characterised, and PCR primers are available for mauA, the gene coding for the small subunit
of MADH (Neufeld et al., 2007a). Naturally, these primers do not detect all MMA-utilising
bacteria.

A second, indirect pathway involves the stepwise conversion of MMA to HsFolate-
bound formaldehyde (i.e. CH,=HjFolate) via two methylated amino acids, gamma-
glutamylmethylamide (GMA) and N-methylglutamate (NMG) (Latypova et al., 2010;
Chistoserdova, 2011) (Figure 5.1b). Although this pathway has been known since the 1960s
(Kung & Wagner, 1969), the enzymes and genes involved have only recently been
characterised (Latypova et al., 2010; Chen et al., 2010a): In the first step, the methyl group of
MMA is transferred onto glutamate, yielding GMA. This reaction is catalysed by the enzyme
GMA synthetase (gmaS). GMA is then converted to NMG by a putative NMG synthase
(mgsABC), and finally to CH,=H,Folate by NMG dehydrogenase (mgdABCD). A variation of
this pathway is found in Methyloversatilis universalis FAMS5, where gmas is not essential for
oxidation of MMA to CH,=H,Folate via NMG (Latypova et al., 2010). The substrate
specificity of NMG synthase is not well established and it is proposed that both MMA and
GMA can be used as a substrate for this enzyme (Chen, 2010a). Importantly, the indirect,
GMA / NMG mediated pathway has recently been found to be used also by non-
methylotrophic bacteria, i.e. bacteria which use methylated amines as nitrogen sources only
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(Chen et al., 2010b; Chen 2012). This pathway may therefore be of particular significance in
Movile Cave. Meanwhile, the direct, MADH-based pathway appears to be restricted to

organisms capable of using methylated amines as carbon sources.

a b
Direct pathway Indirect pathway
MMA MMA .,
ATP "glutamate
ADP+Pi %synthetase (gmaS) >
MMA dehydrogenase > .
<(mauA) or MMA oxidase glutamate GIYIA .
NMG &
NMG dehydrogenase
v 2e glutamate
HCHO CH,=THF
assimilated into further oxidised to assimilated into further oxidised to
biomass co, biomass co,

Figure 5.1 Schematic views of the direct (a) and indirect (b) MMA oxidation pathways.
Abbreviations:  MMA, monomethylamine; GMA, gamma-glutamylmethylamide; NMG,
N-methylglutamate; THF, terahydrofolate. The indirect MMA oxidation pathway can proceed without
GMA as an intermediate (red broken arrow) in Methyloversatilis universalis FAMS. (Illustrations
modified from Chen et al., 2010b).

Recently, the first gmaS-targeting PCR primer set has become available (Chen, 2012).
However, this primer set was designed specifically for the Marine Roseobacter Clade (MRC),
and therefore may not detect gmaS from non-marine bacteria. In order to provide a biomarker
for MMA-utilisers undetected by current PCR primers, three new gmaS PCR primers were
designed in this PhD project, based on alignments of non-marine gmaS sequences derived

from bacterial isolates and published bacterial genomes.

5.2 Development and validation of gmaS-targeting PCR primers

5.2.1 Design of PCR primers: Retrieval of gmaS sequences from published

genomes

Three new gmaS PCR primers were designed in this study, based on a multiple alignment of

34 gmasS sequences derived from (i) five MMA-utilising control strains confirmed to use the
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NMG / GMA mediated pathway (kindly provided by Dr Yin Chen, for details see Chapter 2,
section 2.10) and (ii) bacterial genomes published on the Integrated Microbial Genomes
(IMG) platform of the Joint Genome Institute (JGI). Published genomes were screened for
gmasS-related sequences using gmaS from Methylocella silvestris as a query sequence (Chen
et al., 2010a). Corresponding full length sequences retrieved from the database consisted of
gmas, but also glutamine synthetase type Il (gInA) sequences (a functionally unrelated
enzyme involved in NH," assimilation), due to the high level of sequence similarity between
these two genes (for a detailed analysis refer to Chen et al., 2010b). In order to identify
genuine gmas sequences, the gene neighbourhood of all obtained sequences was manually
inspected for predicted neighbouring open reading frames (ORFs) typically found adjacent to
gmaS (namely, genes encoding NMG dehydrogenase and NMG synthase, Figure 5.2). This
way, many sequences annotated as gInA on IMG were identified to be in fact gmasS sequences.
The identities of NMG dehydrogenase (mgd) and NMG synthase (mgs) were predicted based
on illustrations of gene organisation of gmaS, mgd and mgs in Chen et al., 2010b.

mgs gmas mgd
K_H A
(= —\
Methylocella silvestris BL2 B R O
|
mgs  gmaS mgd
Xanthobacter autotrophicus Py2 e T
mgs gmas
—
Methylobacterium populi BJOO1 - B
L&
(IEY-
gmas mgs
mgd
——
Pseudomonas mendocina ymp -'-'D"D
mgd mgd gmaS  mgs
Rubrobacter xylanophilus DSM 9941 m
mgd mgs  gma$S
P b L siicibacter pomeroyi DSS-3

Figure 5.2 Gene neighbourhoods of gmaS genes from representative organisms, indicating location of
putative genes for NMG dehydrogenase (mgd) and NMG synthase (mgs). GmaS genes were retrieved
from IMG / JGI by a blastx search against the gmaS sequence from Methylocella silvestris. The image
was modified from gene neighbourhood illustrations generated on https://img.jgi.doe.gov/cgi-

bin/w/main.cgi.
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5.2.2 Design of PCR primers: Multiple alignments of gmaS sequences reveal

distinct phylogenetic clusters

For the design of degenerate gmaS primers, multiple sequence alignments of verified gmaS
sequences (see above) were established with the Clustal X program (Thompson et al., 1997)
and viewed using the GeneDoc software (Nicholas et al., 1997). Because of their sequence
similarity to gmaS, a number of gInA sequences were included in the alignment to enable
identification of suitable primer-binding regions specific to gmaS and not found in gInA (a
complete list of all gmaS and gInA sequences used for primer design is given in Table 2.3).
Initially, gma$S sequences from marine bacteria were included in the alignment. Most of them
were however too divergent from the remaining gmaS sequences to find shared primer-

binding regions and were therefore removed from the alignment (see below).

Sequence alignment and establishment of nucleotide-based and amino acid-based
phylogenetic trees clearly detached gInA from gmaS genes (Figure 5.3). Furthermore, two
distinct gmaS clusters were revealed, separating (i) Alphaproteobacteria and (ii) Beta- and
Gammaproteobacteria. The alphaproteobacterial gmaS cluster was further split into three
subgroups, one group containing gmaS sequences belonging to Marine Roseobacter Clade
(MRC) bacteria (order Rhodobacterales), and two groups containing sequences belonging to
soil and freshwater Alphaproteobacteria, of which all except one belonged to the order
Rhizobiales (Figure 5.3).

For primer design, the majority of gmaS sequences associated with the Marine
Roseobacter Clade (MRC) had to be removed from the alignment as they were too divergent
from the other sequences to be targeted by the same primers. For the forward primer, a
common region shared by all remaining gmaS sequences could be identified at 557 bp, after
removing a small number of organisms with too many mismatches (Rubrobacter
xylanophilus, Thiomicrospira crunogena) (Figure 5.4a). The resulting primer gmaS_557f
(GARGAYGCSAACGGYCAGTT) hence targets Alphaproteobacteria (from non-marine
environments) as well as Beta- / Gammaproteobacteria. Since no further region of sufficient
similarity shared by both groups could be identified, separate reverse PCR primers were
designed for alphaproteobacterial gmaS (o _gmaS_970r; TGGGTSCGRTTRTTGCCSG,
Figure 5.4b) and beta-/ gammaproteobacterial gmaS (B _y gmaS_1332r;
GTAMTCSAYCCAYTCCATG, Figure 5.4c). For simplicity, the primers are from here on
referred to as 557f, 970r and 1332r. Specificity of the new PCR primer sets was established
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by amplification and sequencing of gmaS from a range of genomic and non-genomic samples,
as outlined in the sections below.

Rhodobacterales bacterium NZ AAXZ01000014*
Roseobacter sp. NZ AAYC01000011* Rhodobacterales
Roseobacter litoralis (MRC)
Roseovarius sp. NZ AAMV01000001
Ruegeria pomeroyi
Roseobacter sp. AzwK3b*
Roseobacter sp. MED193
Mesorhizobium loti N\
Sinorhizobium medicae
Sinorhizobium meliloti >
Rhizobium sp. NC 012587 . .
Hoeflea phototrophica > Rhizobiales
Agrobacterium vitis
Agrobacterium tumefaciens
Rhizobium etli
Rhizobium leguminosarum
Agrobacterium radiobacter

Fulvimarina pelagi J
100 100 [ Methylobacterium populi

40 Methylobacterium extorquens

46

100

Alphaproteobacterial

gmasS

65

Bradyrhizobium sp. ORS278 NC 00 > Rhizobiales +
Rhodopseudomonas palustris
Azorhizobium caulinodans
Xanthobacter autotrophicus
Methylocella silvestris
Azospirillum sp. B510 NC 013855 J /
Pseudomonas fluorescens

N Rhodospirillales

100 62

Pseudomonas mendocina
Thioalkalivibrio sp. NC 011901 .
Thiomicrospira crunogena* gmaS
Burkholderia phymatum
Methylovorus mays

Rubrobacter xylanophilus*

56 Escherichia coli
100 gMethylococcus capsulatus
100 s . . gInA
Acidithiobacillus ferrooxidans
Synechocystis sp. PCC 6803

Lactobacillus johnsonii
99

Clostridium saccharobutylicum

Beta- + Gammaproteobacterial

65

100

— (= percentage of sequence dissimilarity)

Figure 5.3 Amino-acid based, phylogenetic tree of gmaS sequences from MMA-utilising isolates and
published bacterial genomes. GInA sequences present the outgroup. The tree was established using the
neighbour-joining method (1,000 bootstrap replicates) and the Poisson correction method for
computing evolutionary distances. Numbers at nodes indicate bootstrap values. All bacterial sequences

refer to type strains (as listed on LPSN), unless strain names are indicated.

! Rubrobacter xylanophilus is a member of the Actinobacteria although its gmaS sequence affiliates

with the Beta- and Gammaproteobacterial cluster.

2 gmas$ sequences containing a total of more than two mismatches across the forward / reverse primer

set designed for the respective clusters in this study are marked with an asterisk.
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5.2.3 Validation of primers: PCR and sequencing of gmaS genes from control

strains

For validation, the new PCR primer sets were tested on five non-marine bacteria with known
gmas sequences: Sinorhizobium meliloti 1021, Mesorhizobium loti MAFF303099, Rhizobium
leguminosarum bv. viciae 3841, Agrobacterium tumefaciens C58 and Pseudomonas
fluorescens SBW25 (Chen et al., 2010b). GmaS sequences from these strains had been used
in designing the new gmas primers (see above). Gmas genes from A. tumefaciens, S. meliloti,
M. loti and R. leguminosarum were amplified using primer set 557f/970r, developed for
alphaproteobacterial gmaS; gmaS from P. fluorescens was amplified using the gamma-/
betaproteobacterial-specific primer set 557f / 1332r (Figure 5.5). PCR amplification was
initially performed at an annealing temperature of 55°C using 30 cycles. To ensure the correct

genes were amplified, the amplification products were submitted to sequence analysis.

PCR products of the expected sizes (~400 bp for 557f / 970r and ~750 bp for 557f /
1332r) were obtained for all five strains, as shown by agarose gel electrophoresis (Figure
5.5). However, the amount of PCR product was very low for one of the samples
(A. tumefaciens, which has one bp mismatch with the forward primer), resulting in a very
faint band on the agarose gel (Figure 5.5). The amount of DNA was however sufficient for
sequencing, and sequence analysis confirmed that the correct gene had been amplified. In all
cases, the amplifed sequences were identical to the original gmaS sequences obtained from
the bacterial genomes, affirming specificity of the primers. To improve amplification results,
the PCR conditions were subsequently adjusted by testing a range of different conditions (see

section 5.4).
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Figure 5.5 Agarose gel images of 16S rRNA gene PCR products (left) and gmaS PCR products

(right) of five MMA-utilising control strains using the new gmas primer sets.

5.3 Testing gmaS PCR primers on genomic and non-genomic DNA from

Movile Cave

5.3.1 Genomic DNA: few isolates test positive

Once the gmaS primers had been verified using control strains, they were tested on
methylotrophic and non-methylotrophic Movile Cave isolates obtained from enrichments with
methylated amines (see Chapter 3). Using the same conditions as for the control strains
(annealing temperature of 55°C and 30 cycles), gmaS amplification products were obtained
for Methylobacterium extorquens 2W-7, Xanthobacter tagetidis LW-13, Acinetobacter Iwoffi
2W-62 and Pseudomonas sp. 1W-57Y. Sequencing and phylogenetic analysis confirmed the
amplified genes as gmaS. No PCR products were obtained for the isolates Paracoccus yeei
1W-61, Catellibacterium sp. LW-1, Aminobacter niigataensis 2W-12, Zoogloea caeni A2-
14M, and Acinetobacter johnsonii 2W-62 under these conditions, or with added cycles. At
this time it was unclear whether this was a result of these isolates not carrying gmas, the

primers not targeting them, or the PCR conditions being too stringent.
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Non-genomic DNA: low levels of amplification and double bands

The new gmasS primers were further tested on non-genomic DNA extracted from (i) floating
mat samples from Movile Cave and (ii)) MMA enrichment cultures with Movile Cave water
(t=3 from SIP microcosms, refer to Chapter 4, section 4.3). The purpose of this was to first of
all establish whether the new primers detected gmaS genes in environmental samples
confirmed to contain MMA oxidisers. MMA enrichment samples were believed to provide
relatively easy (enriched) templates for PCR as they should contain elevated levels of gmasS.
However, using the same conditions as previously for genomic DNA, no PCR products were
obtained for either of the two samples with primers 557f/1332r, targeting beta- and
gammaproteobacterial gmaS. PCR with primers 557f / 970r, targeting alphaproteobacterial
gmas, resulted in only a very faint band at the expected position (~400 bp) on the agarose gel
for DNA from MMA-SIP enrichment, while no PCR product was visible for DNA from

floating mat samples (Figure 5.6).

Figure 5.6 Agarose gel electrophoresis image following gmaS PCR of non-genomic DNA extracted
from (i) MMA-SIP enrichments with Movile Cave water and (ii) Movile Cave floating mat samples,
using new primer sets 557f / 970r (targeting a-proteobacterial gmaS) and 557f/ 1332r (targeting -
and y-proteobacterial gmaS). PCR products were obtained only for MMA-enrichment DNA
(a-proteobacterial gmaS; faint band in lane 1) and control DNA from isolates M. extorquens 2W-11

(a-proteobacterial gmaS) and Pseudomonas sp. 1W-57Y (y-proteobacterial gmas).
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Increasing the number of PCR cycles did not improve the results. However, increasing
the amount of template from 50 to 150 ng DNA vyielded a PCR product for DNA from
floating mat samples with primers 557f / 970r (Figure 5.7). Oddly though, an attempt to
reproduce this PCR in order to obtain sufficient product for cloning and sequencing
repeatedly resulted in an additional band on the gel, necessitating gel excision (Figure 5.8).
However, cloning and sequencing from gel-excised products failed, and optimisation of the

PCR protocol to avoid the second band was sought instead (see section 5.4)

Figure 5.7 Agarose gel electrophoresis image of PCR products obtained with primers 557f / 970r
(targeting a-proteobacterial gmaS). A single PCR using 150 ng of template resulted in a satisfactory
amount of PCR product for DNA from floating mat samples. Two rounds of PCR (using 6 ng template
in the first round, and 1 pl of the resulting product for the second round) were necessary to generate
sufficient product from MMA-enrichment DNA.
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- additional PCR product
&= gmaS gene PCR product

Figure 5.8 Agarose gel electrophoresis image of gmaS PCR products obtained for DNA from floating
mat samples. Despite using the same primers (557f / 970r, targeting a-proteobacterial gmaS) and
conditions as before (150 ng template, annealing temperature of 55°C, 30 cycles, see Figure 5.7),

additional bands were obtained alongside gmaS products, necessitating gel excision.

Because of the low quantity of DNA obtained from MMA-SIP enrichments (see
Chapter 4), the amount of template (6 ng) could not be increased for this sample, and a second
round of PCR (using 1 ul of the product resulting from the first reaction) was necessary in this
case to generate sufficient amounts of gmaS PCR product for subsequent cloning and
sequencing. While the double PCR was very specific and generated a large amount of PCR
product (Figure 5.7), this approach increases PCR bias, which is why it was only used initially

for the purpose of verifying that the amplified gene was indeed gmas.

Increasing the amount of template did not improve results for gmaS PCR with primers
557f / 1332r. Therefore, a re-amplification approach (using 1 pl of the product from the first
round of PCR as template for the second round) was used for both the mat sample as well as
the MMA enrichment sample. Even after two rounds of PCR however, the amount of PCR
product obtained was still very low (Figure 5.9). Nevertheless, to establish that the correct
gene had been amplified, PCR products from MMA enrichment samples (which had produced

the better results of the two) were pooled for cloning and sequencing.

Sequence analysis of four gmaS clones from MMA enrichment confirmed that the correct
gene had been amplified with both primer sets: Sequences obtained from PCR with the
alphaproteobacterial-specific primer set were 100% identical to gmaS from the
M. extorquens isolate (Figure 5.12; clones GAMC2, GAMC3). Sequences obtained from the
beta- / gammaprotobacterial-specific primers were 100% identical to gmaS from

Pseudomonas mendocina (JGI database) and gmaS from the A. lwoffi isolate, respectively
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(Figure 5.12; clones GBMC4, GBMC5). To overcome the low levels of amplification and
double bands, and avoid using a double PCR, which increases PCR bias, the gmaS PCR

protocols were hereupon optimised (see below).

Cloning

Figure 5.9 Agarose gel electrophoresis image of PCR products obtained with primers 557f / 1332r
(targeting p-proteobacterial and y-proteobacterial gmaS) after two rounds of PCR (using 1 pl of the
product from the first round as template for the second round). Amounts of PCR product were still

very low.

5.4 Optimisation of gmaS PCR protocols

5.4.1 Genomic DNA — improved detection of gmas in isolates

To improve amplification results (i.e., overcome low levels of amplification as well as non-
specific amplification) for genomic and non-genomic DNA, gmaS PCR protocols were
adjusted by testing a range of conditions, annealing temperatures and cycle numbers. To begin
with, optimisation was carried out with genomic DNA only; Movile Cave isolates for which
gmaS genes had already been amplified successfully (M. extorquens 2W-7, X. tagetidis
LW-13, A. lwoffii 2W-62, Pseudomonas sp. 1W-57Y) were used as controls. The best results
were obtained using touchdown protocols, employing annealing temperatures ranging from
60 to 50°C (for amplification of alphaproteobacterial gmaS) and 55 to 45°C (for
amplification of beta- and gammaproteobacterial gmas), respectively (for the detailed PCR
protocols, see Table 5.1). Using the new protocols, gmaS genes were amplified from a further
five Movile Cave isolates (Catellibacteriumsp. LW-1,  Rhodobacter sp. 1W-5,
Aminobacter sp. 2W-12, Paracoccus yeei 2W-61, Shinella sp. A2-41x).



114

Table 5.1 Optimised PCR conditions (touch-down protocols) for gmaS PCR

Primer set 557f / 970r Primer set 557f / 1332r
(a-protecbacterial gmaS) (- and y-proteobacterial gmaS)
Temp. (°C) Time Cycles (n) Temp. (°C) Time Cycles (n)

94 5 min 1 94 5 min 1
94 45 sec 94 45 sec

60 > 50* 45 sec 10 55 > 45* 45 sec 10
72 1 min 72 1 min
94 45 sec 94 45 sec
56 45 sec 30 52 45 sec 35
72 1 min 72 1 min
72 8 min 1 72 8 min 1
4 o0 4 0

*decreasing by 1°C each cycle

Nevertheless, even with the adjusted protocol, the level of PCR amplification
remained rather low. Results were improved considerably when switching PCR enzymes from
the Taq polymerase by Fermentas to the MyTaq™ DNA Polymerase by Bioline, (using the
same touchdown protocols). In addition to increasing the level of amplification for the above
organisms, gmaS genes were also amplified from Movile Cave isolates that had tested
negative with the Fermentas Taq. The optimised gmaS PCR (using touch-down protocols in
combination with a more efficient Tagq polymerase) worked extremely well for genomic DNA
and was hence used to screen Movile Cave isolates for the presence of the gmaS gene (see

later, section 5.5.).

5.4.2 Non-genomic DNA — Movile Cave samples prove difficult

While the optimised PCR protocols worked extremely well for genomic DNA, there were still
some problems with gmaS amplification from non-genomic DNA derived from Movile Cave.
After an additional sampling trip to the cave at a time where copious amounts of floating mats
(i.e. microbial biomass) were present on the water surface, more sample material was
available for setting up enrichments, as well as for extraction of DNA directly from floating
mat material. First, gmaS PCR was carried out on DNA extracted from MMA enrichments.
This was done because enrichment samples, containing elevated amounts of gmaS, had

previously given the better results.

PCR amplification of alphaproteobacterial gmaS (using primers 557f / 970r) worked

well with the new enrichment samples, producing single products of the expected size
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(~410 bp). A small clone library was established and all sequences analysed were identified as
gmas (for details see section 5.6. on preliminary gmaS surveys and Figure 5.12, sequences
Ela; E2a; E3a; E4a). PCR amplification of beta- / gammaproteobacterial gmaS (using
primers 557f / 1332r) resulted in an additional, slightly larger PCR product alongside the
gmaS gene fragment (Figure 5.10). This additional gene fragment shared high sequence
identity with a viral coat protein (as revealed by sequence analysis using blastx) and could not
be eliminated by using more stringent PCR conditions due to extremely high similarity with
the target gene in the primer binding regions. For the purpose of cloning and sequencing, the
secondary PCR product was avoided by gel excision of the gmaS band (~775 bp). All
sequences obtained from clones carrying inserts of the correct size (Figure 5.11) were
identified as gmas (for details see section 5.6. on preliminary gmas surveys and Figure 5.12,

sequences E2g; E119).

Figure 5.10 Agarose gel electrophoresis image of PCR products obtained with primers 557f / 1332r
(targeting S-proteobacterial and y-proteobacterial gmaS). DNA from MMA enrichments generated an

additional, slightly larger PCR product along with the gmaS PCR product.
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Figure 5.11 Agarose gel electrophoresis image following reamplification (using primers M13f /
M13r) of clones generated from the PCR product obtained with primers 557f / 1332r from MMA
enrichment DNA (shown in Figure 5.10). As expected, the shorter, correct-sized inserts were
identified as gmaS (lanes 1 and 5), while the larger gene fragments were unrelated to gmaS and

appeared to be of viral origin (lanes 2-4).

Interestingly, the additional PCR product only occurred when amplifying beta- /
gammaproteobacterial gmaS from Movile Cave enrichment samples. It was not observed
when amplifying gmaS genes from DNA extracted directly from floating mat material (Figure

5.13), suggesting that it is not a general issue with the PCR primers or protocol.

5.5 Distribution of gmaS and mauA genes in Movile Cave isolates

5.5.1 gmas is present in all MMA-utilising isolates

To assess the presence of gmaS and mauA in Movile Cave bacteria, and thereby obtain an
indication of the relative distribution of the direct and indirect MMA oxidation pathways,
MMA-utilising isolates (Chapter 3) were screened for the presence of both genes by PCR.
Primer sets 557f / 970r and 557f / 1332r developed in this study were used to screen isolates
for gmaS (indicative of the indirect MMA oxidation pathway, Figure 5.1b). PCR and
sequence analysis of six methylotrophs and eight non-methylotrophs revealed the presence of

gmas in all fourteen of these isolates (Table 5.2).

Phylogenetic analysis placed the gmaS sequences retrieved from Movile Cave isolates
within the alphaproteobacterial and the beta-/ gammaproteobacterial clusters observed
previously (Figure 5.12). Additional gmaS sequences were retrieved by BLAST (blastx)
searches, using the gmaS sequences from Movile Cave isolates as queries, and added to the
phylogenetic tree. With the added sequences (i.e., higher resolution), the division into the two

main gmaS clusters (alphaproteobacterial gmaS and beta- / gammaproteobacterial gmas)
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remained, while there were now two, rather than three, major subgroups within the
alphaproteobacterial cluster, each of which again contained several smaller sub-clusters
(Figure 5.12). The first of the two alphaproteobacterial subgroups (referred to as Group 1
from here on) contained the Marine Roseobacter Clade (MRC) -associated gmaS sequences
(in a separate sub-cluster), as well as several sub-clusters of gmaS sequences belonging to soil
and freshwater bacteria from the orders Rhodobacterales and Rhizobiales. Eight gmaS
sequences from Movile Cave isolates fell into Group 1. Interestingly, the majority of these
formed a distinct sub-cluster within the group (Figure 5.12). The second of the two
alphaproteobacterial subgroups (referred to as Group 2 from here on) contained only gmaS
sequences from non-marine bacteria of the orders Rhodospirillales, Rhizobiales and
Sphingomonadales. Four gmaS sequences from Movile Cave isolates fell into Group 2. The
remaining four gmaS sequences from Movile Cave isolates fell into the Beta- and

Gammaproteobacterial cluster.

Generally, organisms that were closely related based on their 16SrRNA genes did not
necessarily cluster closely together in the gmaS tree (e.g. Mesorhizobium loti and Movile
Cave isolate Mesorhizobium sp. 1M-11). Similarly, some gmaS sequences that shared a high
level of identity belonged to organisms not closely related based on 16S rRNA genes (e.g.
Catellibacterium sp. LW-1, Mesorhizobium sp. 1M-11 and Rhodobacter sp. 1W-5 isolates).
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Figure 5.12 Phylogenetic relationship of gmaS sequences derived from published bacterial genomes,
methylotrophic (solid rectangles; coloured orange) and non-methylotrophic (hollow rectangles;
coloured blue) bacterial isolates and clone library sequences (triangles; bold print) from Movile Cave.
gInA sequences represent the outgroup. The tree was established using the neighbour-joining method
(1,000 bootstrap replicates) and the Poisson correction method for computing evolutionary distances.
Translated gmaS sequences had a length of ~135 amino acids (alphaproteobacterial isolates) and ~250
amino acids for (beta- and gammaproteobacterial isolates), tree is based on alignment of 135 amino
acids (total deletion of gaps). Numbers at nodes indicate bootstrap values. All bacterial sequences refer

to type strains (as listed on LPSN), unless strain names are indicated.

! Rubrobacter xylanophilus is a member of the Actinobacteria although its gmaS sequence affiliates

with the beta- and gammaproteobacterial cluster.

2 gmas$ sequences containing a total of more than two mismatches across the forward / reverse primer

set designed for the respective clusters in this study are marked with an asterisk.
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5.5.2 mauA is only found in some methylotrophic MMA-utilising isolates

Movile Cave isolates were also screened for the presence of mauA, encoding methylamine
dehydrogenase (biomarker for the direct MMA oxidation pathway, present in methylotrophs
only, Figure 5.1a) using PCR primer set mauAfl / mauArl (Neufeld et al. 2007a). mauA was
detected in four out of seven methylotrophic isolates. Genome analysis later also revealed
presence of mauA in the methylotroph Catellibacterium sp. LW-1 (Wischer & Kumaresan et
al., in prep) which was not detected with PCR-screening.

It is worth noting that PCR conditions detailed in Neufeld et al. (2007a) only
generated products for Xanthobacter tagetidis LW-13 and Methylobacterium extorquens 2\W-
7. The stringency of the protocol had to be reduced in order to obtain products for the
remaining organisms. A number of alternative mauA primer sets developed by Wei-Lian
Hung (Hung et al., 2012) were tested but resulted in unspecific amplification and were not
used further. Markedly, all of the isolates that tested positive for mauA also contained gmaS
(Table 5.2). Based on these results, the genes for the indirect MMA oxidation pathway appear
to be prevalent amongst both methylotrophs and non-methylotrophs in Movile Cave. The
absence of mauA in all of the non-methylotrophic isolates seems to confirm that the direct
MMA oxidation pathway is restricted to methylotrophs. Moreover, the tight phylogenetic
clustering of gmaS genes from those methylotrophic isolates that did not contain mauA
(Figure 5.12), may suggest that these organisms belong to a distinct group of MMA-utilising
methylotrophs that do not possess the direct MMA-oxidation pathway.
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Table 5.2 Movile Cave isolates — methylated amine metabolism and functional gene markers

Isolate Methylated amines used as Functional genes
Phylogeny N-source gmasS mauA
Alphaproteobacteria

1 Methylobacterium extorquens 2W-7 + +

2 Xanthobacter tagetidis LW-13 + +

3 Paracoccus yeei 1W-61 + +

4 Aminobacter niigataensis 2W-12 + +

5  Catellibacterium sp. LW-1 + + -@

6 Mesorhizobium sp. 1M-11 + +

7 Shinella sp. A2-41x + +

8 Rhodobacter sp. 1W-5 + +

9 Oleomonas sp. O1 + +

10 Oleomonas sp. O3 + +
Gammaproteobacteria

11  Acinetobacter johnsonii 1W-6 + +

12 Acinetobacter Iwoffii 2W-62 + +

13 Pseudomonas sp. 1IW-57Y + +
Betaproteobacteria

14  Zoogloea caeni A2-14M + +

Overview of bacterial isolates from Movile Cave, their capability of using methylated amines as a

carbon (C) and / or nitrogen (N) source, and presence of functional genes indicating the direct (mauA)

or indirect (gmaS) methylamine oxidation pathway.

@ Results from genome analysis later indicated presence of mauA.

5.6 Preliminary gmasS surveys of Movile Cave floating mat samples

5.6.1 gmaS genes in MMA enrichments from floating mat correspond with
MMA utilisers identified by isolation studies and DNA-SIP

Cloning and sequencing of gmaS genes from Movile Cave samples performed in this PhD

project primarily served to validate the newly developed primers, rather than to assess the

diversity of gmaS in Movile Cave (extensive diversity studies could not be conducted due to
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time limitations). Nevertheless, the obtained sequences give a preliminary indication of the
range of gmaS-containing bacteria in Movile Cave. Cloned gmaS sequences from MMA
enrichments of floating mat samples corresponded to gmaS from methylotrophic and non-
methylotrophic isolates (Table 5.2) and MMA-utilising bacteria identified in SIP enrichments
(by 16S rRNA gene sequencing, Chapter 4), namely Catellibacterium, Methylobacterium
Pseudomonas and Acinetobacter (99-100% identity; sequences E2a; E3a; E4a; E2g; E1lg;
GMAC2; GMAC3; GBMC5 in Figure 5.12). A further sequence loosely affiliated with
Methylotenera, Methylophaga and Methylovorus (89-90% identity with all three genera). A
final gmaS sequence affiliated with gmaS from the methylotroph Hyphomicrobium (99%
identity; sequence Ela in Figure 5.12) which was not detected by DNA-SIP or isolated in this
study but is known to be present in Movile Cave (Hutchens et al., 2004). Due to time
limitations, gmaS genes amplified from DNA extracted directly from floating mat material
(Figure 5.13) could not be cloned and sequenced. In future studies, extensive clone libraries of
both floating mat and water samples from Movile Cave should be established in order to
identify potential MMA-utilising bacteria that may not be detected in enrichment cultures.
Indeed, preliminary data from metagenome analysis indicated some additional gmaS

sequences to those related to organisms metioned above (for details, see below).

5.6.2 Metagenome analysis of Movile Cave floating mat reveals additional

gmas sequences

As part of the larger Movile Cave food web study, the metagenome of DNA extracted from
floating mat samples was sequenced by high-throughput sequencing (for details see Chapter
2, section 2.15.2). (DNA extraction and sample processing was conducted by Jason
Stephenson). Metagenome sequences were subsequently screened for mauA and gmaS genes.
Interestingly, no mauA genes were detected, while gmaS genes were identified. The major
difficulty with mining for gmaS sequences is the lack of annotation: gmaS genes are largely
annotated as gInA, but unless they are available on the JGI IMG database, it cannot easily be
determined whether they are gInA or gmaS. Only one gmasS sequence was obtained based on
GenBank annotation, it affiliated with gmaS from Methylophaga thiooxydans (91%
similarity). Local BLAST databases were therefore established from the data and screened for
gmas sequences using gmaS from Methylobacterium extorquens, Methylotenera mobilis and
Pseudomonas fluorescens as queries. Verified gmaS sequences obtained based on IMG
annotation or local BLAST (blastx) search affiliated with gmaS from: Thiobacillus thioparus
(99% similarity), Dechloromonas aromatica (92% similarity), Sideroxydans lithotrophicus
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(92% similarity), Methylobacillus flagellatus (90% similarity), Cupriavidus necator (87%
similarity), Rhodoferax saidenbrachensis (86% similarity), Rhodopseudomonas palustris
(82% similarity) and Azospirillum lipoferum (81% similarity), revealing a number of new
gmas sequences not detected in enrichments. These gmaS sequences were not included in the

phylogenetic tree in Figure 5.12 due to their short size (< 200 bp).

5.7 Preliminary gmasS surveys of soil and freshwater reveal new gmasS

groups

In the next step, the new gmas primer sets were tested on non-genomic DNA extracted from
soil, freshwater, and freshwater sediment unrelated to Movile Cave. The soil and freshwater
samples used were derived from generic locations not specifically associated with MMA
metabolism (University of East Anglia campus and lake, for details of sampling locations see
Chapter 2, section 2.11.3). The purpose was to assess whether the new primers could detect
gmas genes in different environmental samples. It was expected that amplification levels of
gmas from environmental samples not associated with MMA-utilising bacteria might be low.
Surprisingly however, these samples proved to be much easier templates than those from
Movile Cave: gmaS amplification from soil and sediment samples resulted in single PCR
products of the correct size and a good levels of amplification (Figure 5.13), suggesting that
the additional PCR product obtained previously was not an issue with the PCR primers or

protocol, but a problem confined to Movile Cave enrichment samples.

Figure 5.13 Agarose gel electrophoresis image of gmaS PCR products obtained from non-genomic
DNA samples with primer sets 557f/970r (targeting a-proteobacterial gmas, left-hand side) and
557f/1332r (targeting p-proteobacterial and y-proteobacterial gmaS; right-hand side) using
optimised PCR conditions (touchdown protocols as described in 5.4). PC = positive control; NC =

negative control.
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GmasS-based clone libraries were constructed and a total of 16 clones were randomly
selected for sequencing. lIdentity of the amplified genes was confirmed by cloning and
sequencing. Interestingly, many of the obtained gmaS sequences were not closely related to
gmaS sequences from Movile Cave or published genomes, and formed several distinct
clusters in the phylogenetic tree (Figure 5.14, “unknown gmasS”). These results suggest that
there is a wide diversity of gmaS sequences, and hence, potential MMA-oxidising bacteria

which have not yet been identified.

Figure 5.14 (right) gmaS phylogenetic tree incorporating gmasS sequences cloned from soil and lake
sediment samples not associated with Movile Cave (coloured dark-red, marked with circles); showing
phylogenetic relationships with gmaS sequences retrieved from published bacterial genomes,
methylotrophic (orange, solid squares) and non-methylotrophic (blue, hollow squares) Movile Cave
isolates and MMA-SIP clone library sequences (bold print, triangles). Gene sequences of the
functionally unrelated glutamine synthetase (gInA) represent the outgroup. The tree was established
using the neighbour-joining method (1,000 bootstrap replicates) and the Poisson correction method for
computing evolutionary distances. Translated gmaS sequences had a length of ~135 amino acids
(alphaproteobacterial isolates) and ~250 amino acids for (beta- and gammaproteobacterial isolates).
Numbers at nodes indicate bootstrap values. All bacterial sequences refer to type strains (as listed on

LPSN), unless strain names are indicated.

! Rubrobacter xylanophilus is a member of the Actinobacteria although its gmaS sequence affiliates

with the beta- and gammaproteobacterial cluster.
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5.8 Distribution of mauA in Movile Cave

The mauA gene encodes methylamine dehydrogenase, the key enzyme in the direct MMA
oxidation pathway found in some gram-negative methylotrophic bacteria (see section 5.1;
Figure 5.1a). In addition to screening for gmaS genes, DNA extracted from water and floating
mat samples from Movile Cave was also amplified with PCR primer sets targeting mauA. No
amplicons were obtained for any of the samples using PCR primer set mauAF1 / mauAR1
(Neufeld et al., 2007), even though the primers successfully amplified mauA from control
DNA of the positive control Paracoccus versutus, as well as from DNA of some of the
methylotrophic isolates obtained from Movile Cave in this study (see section 5.5.2). The
negative results may be due to the PCR primers being too specific to detect mauA from a wide
range of microorganisms that carry the gene. The results might however also suggest that the
mauA-dependent MMA oxidation pathway is not as widespread amongst Movile Cave
bacteria as the gmaS-mediated pathway. This hypothesis is supported by gmaS screening of
MMA-utilising isolates form Movile Cave (Table 5.2.)

Alternative mauA primer sets by Hung et al., 2012 did not give satisfactory results when
tested on control organisms (Paracoccus versutus) and Movile Cave isolates (M. extorquens
and X. tagetidis and were not further used. The development of mauA primer sets targeting a
wider range of organisms would be useful for future studies. In addition to looking at the
presence and diversity of mauA and gmaS genes, it would also be useful to carry out
expression-based studies of the two genes. This could give an indication on whether the

indirect pathway is actually (i) more wide-spread and is also (ii) more widely used.

5.9 Putative gmas in Cyanobacteria and Actinobacteria

5.9.1 Putative gmaS genes from soil and freshwater may be cyanobacterial

The “unknown gmaS” sequences obtained from soil and freshwater samples were analysed by
doing a BLAST (blastx) search against sequences published on GenBank and IMG. The
closest related gmaS sequences to soil and freshwater genes retrieved with primer set 557f /
1332r were from betaproteobacterial MMA utilisers Methylophilus, Methylovorus,
Methylophaga and Cupriavidus at only ~80% similarity. Soil and freshwater genes obtained
with primers 557f / 907r were ~88% similar to alphaproteobacterial gmaS sequences

(Rhizobiales and Rhodospirillales). Interestingly, they shared the same level of similarity with
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glnA sequences from various Cyanobacteria (orders Oscillatoriales, Chroococcales,
Stigonematales). Alignment and phylogenetic analysis of the cyanobacterial sequences with
known gmas clearly placed them with gmasS rather than gIinA. These cyanobacterial “ginA”
sequences might therefore be mis-annotated gmaS sequences. For a higher resolution,
additional cyanobacterial sequences affiliating with the soil and lake -derived gmaS
sequences were retrieved from published genomes. In the resulting phylogenetic tree,
cyanobacterial sequences formed several distinct subgroups within the alphaproteobacterial
gmaS cluster (Supplementary Figures S2a-c). It thus seems logical that all soil and lake
sequences affiliating with cyanobacterial genes were retrieved with the alphaproteobacterial-
specific gmas primers. It would also explain why the sequences from soil and freshwater were
unrelated to gmaS from Movile Cave, as Cyanobacteria are not expected to be present in an
ecosystem devoid of light. However, when analysing the immediate gene neighbourhoods of
the cyanobacterial genes, none of the genes expected adjacent to gmaS (mgs and mgd) could
be identified. Growth tests of the relevant organisms with MMA are therefore needed to

assess Whether or not the identified cyanobacterial genes may be genuine gmas.

5.9.2 gmasS surveys uncover putative actinobacterial gmaS sequences

Intriguingly, BLAST (blastx) searches of published bacterial genomes on IMG also revealed a
large number of potential gmaS genes from gram-positive Actinobacteria bacteria annotated
as gInA. Unlike the cyanobacterial sequences, all actinobacterial sequences appeared to
contain the complete genes for NMG synthase (mgs) immediately adjacent to the gmaS
homologue. While the gene for NMG dehydrogenase (mgd) was not detected in any of the
gene neighbourhoods analysed, alignment and phylogenetic analysis clearly placed the
sequences (all of which belonged to the Actinomycetales) with gmaS rather than ginA
(Supplementary Figures S2a-c). The actinobacterial sequences formed a distinct cluster
outside of the alphaproteobacterial and beta- gammaproteobacterial gmaS clusters
(Supplementary Figure S2a-c). The high level of divergence of the actinobacterial sequences
could explain why the gmaS primers did not detect any sequences from this group during this

study.

So far, the genes for the GMA / NMG mediated pathway have been identified only in
gram-negative MMA-utilising bacteria. Whether the actinobacterial genes are genuine gmaS
remains to be seen, but the absence of the complete mgd gene does not necessarily rule this
out, as some proteobacterial gmaS sequences (e.g. that of Cupriavidus) also do not appear to
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have mgs genes in the immediate gene neighbourhood of gmaS. Several members of the
Actinobacteria are known MMA utilisers (e.g. Levering et al., 1981; Nesvera et al., 1991;
Boden et al., 2008; Hung et al., 2011), so the presence of gmaS genes in this phylum would
not be all too surprising. Several of the putative gmaS sequences from gram-positive bacteria
(as well as Cyanobacteria) were in fact observed at the time of gmaS primer design; however,
they were not further investigated because of their divergence from the proteobacterial gmaS
sequences. Only one gmaS sequence of a gram-positive bacterium was used for gmaS primer
design in this PhD project: Rubrobacter xylanophilus, which clusters with beta- and

gammaproteobacterial gmas (see Figures 5.12 and 5.14).

The identification of putative new gmaS genes is supported by data from a recent
study by Gruffaz et al. (2014). When studying gene transcription of the GMA / NMG
mediated MMA oxidation pathway in Methylobacterium extorquens strain DM4, they found a
second gmaS homologue in addition to the canonical gmaS gene (which was functional for
utilisation of MMA as a nitrogen but not carbon source). Interestingly, the authors also
detected the same gmaS homologue in members of the Cyanobacteria, Verrucomicrobia and
Actinobacteria (even though these results were not further discussed). An obvious way to
determine whether the presence of gmaS homologues in Actinobacteria, Verrucomicrobia and
Cyanobacteria signifies MMA utilising metabolism in these phyla would be to test

representative organisms for growth with MMA as a nitrogen (perhaps even carbon source).
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Chapter 6. The microbial nitrogen cycle in Movile Cave, a first overview
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As part of a larger study of the microbial food web in Movile Cave, the overall objective of
this PhD thesis was to gain insight into processes of the nitrogen cycle in this unusual
ecosystem. Previous studies on the microbiology of Movile Cave have focused mostly on
sulfur and carbon cycling, leaving the nitrogen cycle largely unexplored. (An overview of the
overall microbial foodweb in Movile Cave is given in the Introduction to this thesis (Chapter
1.2; Figure 1.6). Due to the broad nature of the topic, not all aspects of the nitrogen cycle
could be covered in equal measure in the course of this PhD project. In the end, the work
predominantly focussed on the utilisation of methylated amines by Movile Cave bacteria, as
this topic produced the most conclusive results. Other aspects of the nitrogen cycle were
touched upon; PCR-based screening indicated the presence of marker genes for nitrification,
No-fixation and denitrification, and process-based analyses suggested activity of nitrifiers,
denitrifiers and anammox bacteria. These processes do however require further studies. N-
fixation was not investigated further since no nitrogenase activity could be detected in cave

samples throughout this project.

6.1 Proposed nitrogen cycle in Movile Cave

Figure 6.1 gives a schematic overview of the proposed nitrogen cycle in Movile Cave:
Ammonia (NHz / NH4") enters the cave in hydrothermal waters from below. NH4" is the
major nitrogen source for microorganisms in the cave and is assimilated into organic nitrogen
by bacteria and fungi that form extensive mats on the water surface. When the microbial mats
sink to the bottom of the water and die, methylated amines are released as a result of
putrefaction, serving as a carbon, energy and / or nitrogen source for methylated amine-
utilising bacteria, which in turn release NH,4". In addition to being a nitrogen source, NH;"
also serves as an energy source for aerobic ammonia-oxidising bacteria and archaea, which
grow autotrophically and release nitrite (NO;) which, in the second step of nitrification, gets
converted to nitrate (NO3") by nitrite-oxidising bacteria. Both NO3™ and NO;" serve as terminal
electron acceptors for denitrifying bacteria, growing anaerobically in the anoxic regions of the
water and sediment. NO, is also the terminal electron acceptor for a second group of
anaerobes, the “anammox” bacteria which gain energy from the anaerobic oxidation of NH,"
to N, (e.g. Kartal et al., 2013). N, from the cave atmospherere, along with N, released by
thermal emissions (Serban Sarbu, personal communication) denitrifiers and anammox
bacteria gets converted back to NH;" by N,-fixing microorganisms, which may thrive in
NH,"-starved regions of the thick floating mats.
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Figure 6.1 Schematic overview of the proposed nitrogen cycle in Movile Cave

(Image modified from Kumaresan et al., 2014).

6.2 Aims and approach

The main focus of this PhD was to assess the role of methylated amines as carbon and
nitrogen sources for Movile Cave bacteria (which was done using a combination of SIP
experiments and cultivation, see Chapters 3 and 4). A further objective of this PhD was to
gain insight into the contribution of nitrifying bacteria and archaea to primary production in
this chemoautotrophy-sustained ecosystem. While previous studies have highlighted the roles
of sulfur and methane oxidisers in carbon fixation in the cave, the involvement of ammonium
and nitrite oxidisers remained uncertain. Furthermore, the potential role of microbial N,-

fixation was investigated.

To determine the possible contribution of the above processes to nitrogen cycling in
the cave, process-based studies were carried out alongside PCR-based surveys of DNA
extracts from cave water, floating mat material, wall biofilm and sediment samples (anammox
only). PCR primers targeting key genes for nitrification, nitrogen fixation, denitrification,
anammox and MMA oxidation, as well as CO, fixation were used as biomarkers. The
obtained sequences were analysed using BLAST (blastx). Table 6.1 lists all the genes and
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group-specific PCR-primers used for the detection of the different functional groups involved
in nitrogen cycling and carbon fixation (for details on primers, PCR conditions and references
refer to Table 2.2 in Chapter 2). Amplification products of the expected lengths were obtained
for nine of the thirteen genes screened for. With the exception of hzo (for which the DNA
concentration of the amplicons was very low), all PCR products were confirmed as the correct
genes by cloning and sequencing (for details refer to individual sections below). No
amplification products were obtained for cbbM, mauA, nrxB and y-proteobacterial amoA in
this study. This might suggest that those genes are not very abundant in Movile Cave, or

simply that the PCR primers failed to detect them.

6.3 Nitrification in Movile Cave

Past studies of primary producers in Movile Cave have focused mainly on bacteria that
oxidise reduced sulfur compounds (e.g. Sarbu et al., 1994; Vlasceanu et al., 1997; Rohwerder
et al., 2003) or more recently methane (Hutchens et al., 2004). The contribution of ammonia-
and nitrite-oxidising microorganisms to carbon fixation has not been investigated. The
relatively high standing concentrations of NH," in the cave water (0.2 - 0.3 mM, Sarbu 2000)
and floating mats (0.5 - 0.8 mM, as measured in uptake enrichments in this PhD, see below)
make it a likely energy source for chemolithoautotrophic microorganisms. Furthermore,
active nitrifiers were detected in first SIP experiments with **C-labelled bicarbonate (Chen et
al., 2009). Chen et al. detected 16S rRNA sequences belonging to both ammonia-oxidising
bacteria (Nitrosomonas) and nitrite-oxidising bacteria (Nitrospira and Candidatus
‘Nitrotoga’) in 13C-labelled DNA fractions from incubations with H3CO5". In addition, the
authors found bacterial amoA gene sequences (coding for ammonia monooxygenase, a key
enzyme in ammonium oxidation) related to Nitrosomonas in the **C-DNA fractions. Finally,
recent metagenome data have suggested that Nitrospira make up a significant proportion of

the overall microbial community (Kumaresan et al., 2014).

For a more in-depth analysis of the contribution of nitrifying bacteria and archaea to
primary production in Movile Cave, time-course SIP experiments were set up with
3C-labelled bicarbonate (H**CO5, for simplicity from here on referred to as **CO,) with and
without added energy sources in the form of NH," or reduced sulfur compounds. In addition,
enrichment cultures with NH;" were set up for the determination of potential nitrification

rates, and PCR-based studies targeting bacterial and archaeal amoA were carried out.
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6.3.1 Nitrification: a brief introduction

Nitrification is an essential part of the global nitrogen cycle and involves the microbial
conversion of ammonia / ammonium (NHz / NH4") to nitrate (NO3) via nitrite (NO,). It is a
major route for the production of NO3, an important nutrient for many organisms (see
Chapter 1, section 1.3 and Figures 1.6 and 6.1). Nitrification is a two-step process; each step
is carried out by a separate group of aerobic, chemolithoautotrophic microorganisms that gain

energy from these reactions (Fuchs & Schlegel, 2007):

(1) Ammonia-oxidising bacteria (AOB) and ammonia-oxidising archaea (AOA)
NH," + 1.5 O, — NOy + Hy0 + 2 H* (AG" = -374 kJ mol™)

(2) Nitrite-oxidising bacteria (NOB)
NO, + 0.5 0, — NO; (AG" = -85 kJ mol™)

(Note: AG” calculated from AG{ of aqueous compounds as listed in Supplementary Table S1)

First discovered by Winogradsky in 1890, the two processes involved in nitrification were
traditionally thought to be dominated by autotrophs belonging to a few specialist groups
within the Proteobacteria, with small contributions in some soils from heterotrophic bacteria
and fungi (De Boer et al., 2001). Known nitrifying bacteria fall into two physiologically
distinct groups; the ammonia-oxidising bacteria (AOB) and the nitrite-oxidising bacteria
(NOB) (Kowalchuk & Stephen, 2001). To date, none have been shown to carry out the
complete oxidation of NH4" to NOs™. In recent years, a novel phylum of Archaea has been

revealed to contribute significantly to ammonium oxidation in addition to AOB (see below).

(1) Ammonia-oxidising bacteria (AOB)

Of the two groups of nitrifying bacteria, AOB are the most extensively studied, possibly
owing to the difficulty in cultivating NOB and the phylogenetic divergence within this group.
With the exception of the marine AOB Nitrosococcus, which belongs to the
Gammaproteobacteria, all known genera of AOB belong to a single family (the
Nitrosomonadaceae) within the Betaproteobacteria (Lulcker, 2010). Betaproteobacterial
AOB have been detected in many different environments, from aquatic habitats to soils and
building stones (Coci et al., 2008). The distribution patterns of individual species of AOB are
determined by physiological differences between distinctive representatives and by

environmental parameters such as substrate concentration, pH, temperature, oxygen
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availability and salinity (Coci et al., 2008). The close phylogenetic affiliation of the AOB has
greatly facilitated the use of genetic markers for their detection: The gene for ammonia
monooxygenase (amoA), the enzyme that catalyses the first step in nitrification (the oxidation
of ammonium to hydroxylamine), is well preserved and present in all known AOB (Rotthaue
et al.,, 1997; Purkhold et al., 2000), providing a valuable functional biomarker for their
identification. Archaeal ammonia oxidisers (AOA) also have a homologue of the amoA gene
(reviewed by Pester et al., 2012). Since their discovery, the amoA gene has been widely used

to study the relative abundances of AOA and AOB in nitrifying communities.

(i)  Ammonia-oxidising archaea (AOA)

While AOB were discovered over 100 years ago (Winogradsky, 1890), ammonium oxidation
within the domain Archaea was discovered less than 10 years ago using a combination of
metagenomic data (Venter et al. 2004, Treusch et al., 2005) and laboratory isolation
(Kénneke et al., 2005). For many years, members of the domain Archaea were generally
thought to occur only in extreme environments, usually under strict anaerobiosis, with
metabolic pathways adapted to life under conditions too harsh for Bacteria and Eukarya.
However, in situ measurements of nitrification in marine and terrestrial environments showed
that ammonium oxidation often proceeds at substrate concentrations significantly below the
growth threshold of cultivated AOB (Prosser, 1989, cited after Pester et al., 2011) thus

indicating the presence of unknown nitrifiers.

The presence of huge numbers of mesophilic “Crenarchaeota” in marine, terrestrial
and freshwater habitats of moderate pH and temperature was first detected by cultivation-
independent studies in the 1990s (e.g. Fuhrman et al., 1992; DeLong et al., 1992; Buckley et
al., 1998; Jurgens et al., 1997; Schleper et al., 1997; Karner et al., 2001). These findings
raised the question of what their physiological attributes and ecological roles might be. The
uptake of inorganic carbon by mesophilic “Crenarchaeota” was demonstrated in a number of
studies (e.g. Herndl et al., 2005). However, these findings did not indicate a specific energy
source. The discovery of autotrophic ammonia-oxidising Archaea confirmed that many
mesophilic “Crenarchaeota” are chemolithoautotrophs. The mesophilic “Crenarchaeota”
have since been re-assigned to a new phylum within the Archaea, the Thaumarchaeota
(Brochier-Armanet et al., 2008; Spang et al., 2010). To date, only a few cultivated
representatives exist, all of which are chemolithotrophic ammonia oxidisers (Kénneke et al.,
2005; Lehtovirta-Morley et al., 2011; Tourna et al., 2011; Jung et al., 2014). Despite the lack
of cultivated species, ammonia-oxidising archaea (AOA) have been shown to be both highly
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abundant and active in many marine, terrestrial and freshwater environments (e.g. Treusch et
al., 2005; Leininger et al., 2006; Chen et al., 2008; Di et al., 2010; Verhamme et al., 2011).

The relative contributions of bacterial and archaeal ammonia oxidisers to overall
nitrification seems to be largely dependent on growth conditions such as substrate
concentration, temperature and pH (e.g. review by Prosser & Nicol, 2012; Daebeler et al.,
2012; French et al., 2012). Some AOA are adapted to extremely low pH and, in recent studies
have been shown to be responsible for the majority of nitrification in acidic soils, solving a
long-standing paradox (e.g. Gubry-Ranginet al., 2010; Lehtovirta-Morley et al., 2011).
Several comprehensive reviews on archaeal ammonium-oxidisers have been published in
recent years (e.g. Schleper & Nicol, 2010; Martens-Habbena & Stahl, 2011; Pester et al.,
2011; Hatzenpichler, 2012).

(iii)  Nitrite-oxidising bacteria (NOB)

All known nitrite-oxidising bacteria (NOB) fall into a few specialised bacterial genera that are
phylogenetically unrelated to each other: The genera Nitrococcus and Candidatus Nitrotoga,
belonging to the Gamma- and Betaproteobacteria, respectively, each harbour only one
species, isolated from marine samples (Watson and Waterbury, 1971) and arctic permafrost
soil (Alawi et al., 2007), respectively. NOB of the genus Nitrospira form a distinct phylum,
the Nitrospirae, and occupy a great variety of habitats (Maixner 2010; Licker, 2010).
Similarly, the marine genus Nitrospina, originally classified within the Deltaproteobacteria
(Teske et al., 2004) appears to form an independent line of descent within the domain
Bacteria (e.g. Maixner, 2010). Communities consisting of Nitrospina and AOA have been
suggested to be key organisms performing nitrification in the ocean (Santoro et al., 2010).
Members of the genus Nitrobacter, belonging to the Alphaproteobacteria, are found in a wide
variety of habitats, such as marine and freshwater, neutral and acidic soils, soda lakes and
rock (reviewed by Liicker, 2010). They appear to be the least resistant to cultivation among
the fastidious and slow-growing NOB and therefore present the best studied group (Liicker,
2010). Recently, a novel, thermophilic, NOB from the phylum Chloroflexi was isolated from
a nitrifying bioreactor (Sorokin et al., 2012). In contrast to AOB, knowledge of NOB ecology
is very limited, partly because of lack of specific molecular tools (Pester et al., 2014). Even
though all known NOB oxidise nitrite using the enzyme nitrite oxidoreductase (Nxr), the
phylogenetic divergence within this functional group of bacteria has made the design of

functional PCR primers targeting all NOB problematic. PCR primer sets individually
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targeting nxr genes from Nitrobacter (Vanparys et al., 2007) or Nitrospira (Maixner, 2010;
Pester et al., 2014) are however available. Nitrospira-specific nxrB primers were used in this
PhD project, since 16S rRNA gene sequences associated with this organism were detected

both in this study and in previous studies by Chen et al. (2009).

6.3.2 Potential nitrification rates in Movile Cave

Potential nitrification rates were examined by measuring depletion of NH;" coupled to
production of NO;™ in enrichments set up with cave water and floating mat samples following
the addition of 1mM NH,". Native NH4" concentrations prior to addition of substrate ranged
between and 0.1-0.5 mM for water samples and 0.5-0.8 mM for mat samples. To determine
whether Archaea play a role in nitrification, enrichments where also set up with 100 puM
added allylthiourea (ATU), a metal-chelating agent commonly used to inhibit bacterial
ammonium oxidation, while having only minor effects on AOA (e.g. Santoro et al., 2011). All
cultures showed depletion of NH;" (Figures 6.2a and b), along with production of NOy
(Figures 6.2c and d; see also Figure 6.3). However, towards the beginning of incubation,
NH," concentrations temporarily increased (Figures 6.2a and b), and NO,™ production did not
match NH," depletion in terms of measured concentrations (see below). No nitrification rates
could therefore be calculated from the data.

The most notable differences between the different incubations were in the level and rate
of NO, production: In incubations from floating mat samples without added inhibitor, a
significant increase in NO," was observed after 3 days of incubation (Figures 6.2c and 6.3a),
while with added inhibitor, NO," concentrations started to rise only after 7 days (Figure 6.3b).
This would suggest that oxidation of NH;" to NO, ™ in incubations with added ATU was
carried out by slower-growing archaea (AOA). In water enrichments (with and without added
ATU), an increase in NO," was not observed until 10 days of incubation (Figures 6.3a and b).
In all cases, the NO, concentrations reached significantly higher concentrations in
enrichments without added ATU. In both enrichments with added ATU, the steep increase in
NO," concentrations was followed by a drop in concentrations (Figure 6.3b). These results
suggest that NOB may have become active following the release of NO,” by AOA, converting
NO, further to NOs and thereby completing nitrification. Oddly, no decrease in NO;
concentrations was observed in incubations without inhibitor during the time of incubation
(Figure 6.3a). A possible explanation for NO, accumulation in these enrichments could be

oxygen depletion.
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Figure 6.2 Ammonium depletion (a and b) and nitrite production (¢ and d) in microcosms set up from
water and floating mat samples from Movile Cave, respectively, for the selective enrichment of
nitrifiers. 1 mM of NH," was added at t=0. Enrichments were set up with and without added
allylthiourea, an inhibitor —of bacterial, but not archaesal = ammonium-oxidation.

Abbreviations: | = added inhibitor (allylthiourea).
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Figure 6.3 Nitrite production (and depletion) in ammonium enrichment cultures from Movile Cave
(1 mM NH;" was added at t=0) with and without added allylthiourea. Abbreviations: | = added
inhibitor (allylthiourea).
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While NO," concentrations in enrichments with added ATU stayed well below the
highest measured NH,4" concentrations (1.5 mM NH," in water and 3 mM NH," in mat, see
Figures 6.4a and 6.4b), NO," concentrations in enrichments without inhibitor rose to much

higher concentrations than were measured for NH;" (Figures 6.4c and 6.4d): In water
enrichments,

NO; concentrations reached 4.5mM, while in mat enrichments, NO;
concentrations as high as 18 mM were measured.
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Figure 6.4 Nitrite production, plotted alongside ammonium depletion in Movile Cave enrichment
cultures with added NH," (1 mM NH," was added at t = 0). While nitrite concentrations in microcosms
with added allylthiourea (c and d) stayed well below measured NH," concentrations, in cultures
without inhibitor (c and d), measured nitrite concentrations far exceeded those of NH,", suggesting a
different source for nitrite, possibly the anaerobic reduction of NOs. Additionally, nitrite
concentrations dropped following the initial increase in enrichment cultures with ATU, possibly due to
activity of nitrite-oxidising bacteria. Abbreviations: ATU = allylthiourea
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One possible explanation for these observations could be that enrichments became anoxic
and denitrification of NO3™ to NO, occurred. NO3™ concentrations would have given important
clues about the origin of the high NO,™ concentrations, as well as confirm that the decrease in
NO, was due to nitrification. Unfortunately however, concentrations of NO3™ could not be
measured, as the NO3 assay (using zinc dust for reduction of NO3 to NO;’, followed by
analysis with Griess’ reagent) failed even for standard solutions. An alternative assay could

not be during this PhD due to time limitations and lack of further fresh Movile Cave samples.

6.3.3 amoA surveys confirm the presence of AOB and AOA in Movile Cave

In addition to culture-based experiments, PCR-based studies with primer sets targeting
archaeal and bacterial amoA were performed to screen Movile Cave samples for ammonia-
oxidising bacteria (AOB) and archaea (AOA). The obtained PCR products were then cloned
and sequenced to confirm they were indeed amoA. The amoA gene encodes the alpha subunit
of ammonia monooxygenase, the enzyme that catalyses the first step in nitrification: the
conversion of NH4" to hydroxylamine. This gene is present in all AOB and AOA, providing a

valuable biomarker for their detection.

amoA surveys were carried out on crude DNA extracted from Movile Cave samples
(water, floating mat and wall biofilm) for a first indication of key nitrifying organisms.
Bacterial as well as archaeal amoA genes were amplified (Table 6.2): Water samples from all
three locations (lake room, Airbells 1 and 2) tested positive for both betaproteobacterial and
archaeal amoA. Floating mat samples from Airbells 1 and 2 did not generate any amoA
amplification products, while only archaeal amoA genes were amplified from floating mat
samples from the lake room (Table 6.2). PCR products of the right length were also obtained
with primers targeting gammaproteobacterial amoA; however, sequence analysis identified all

amplified genes as pmoA (particulate methane monooxygenase).

It should be noted that amoA PCR surveys were of a preliminary nature. Even though
different annealing temperatures were tested to improve the level of amplification, the lack of
PCR products in some samples does not offer a conclusive result for the absence of amoA in
these parts of Movile Cave. Interestingly, amoA screening results from SIP enrichments later
suggested that AOA, rather than AOB are the dominant ammonia oxidisers in Movile Cave

water, while AOB appeared to dominate at higher ammonium concentrations, i.e. in floating
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mats (see later, 6.3.4.(vi)). This pattern was not apparent from results obtained from PCR
surveys of crude DNA (see above and Table 6.2).

Table 6.2 Group-specific genes detected in different parts of Movile Cave by PCR amplification

nirS nirk cbbLR  cbbLG nifH Arch. Bact. Amx®

amoA amoA

Lake Water - - + + + + +
room Floating mat + + + + + + ;

Sediment +
Airbell 1 Water - - + + + + ¥

Floating mat + + + + + - -
Airbell 2 Water - - + + + + +

Floating mat + - + + + - -

Wall biofilm + - + + + + +

Sediment +

Pluses indicate sequences detected by PCR; minus signs indicate sequences were not detected. Empty
fields: not analysed. Red pluses indicate PCR products used for cloning and sequence analysis. No
cbbM, mauA or nxrB sequences were detected in this study. Hzo amplicons were obtained from
sediment but could not be verified by sequence analysis due to the low amount of PCR product.
W Amx = anammox-related 16S rRNA genes. For details on PCR primers please refer to Table 6.1 and
Table 2.2.

(i)  Sequence analysis identifies amoA genes related to Nitrosomonas and Nitrosopumilus

The main purpose of sequencing amoA clones derived from Movile Cave water and biofilm
samples (Table 6.2) was to confirm that the correct gene had been amplified, so only two
clones of each, bacterial and archaeal amoA, were sequenced. The two bacterial amoA
sequences were 97% identical (98% similar) to each other. In both cases, the closest related
sequence from a cultivated organism was amoA from Nitrosomonas nitrosa (Table 6.3). The
two archaeal amoA sequences were 96% identical to each other (96% similar). The closest
cultivated relative was Nitrosopumilus maritimus (Table 6.4). Extensive surveys of the amoA
diversity in Movile Cave, which would involve sequencing a larger number of clones or using

high-throughput amplicon sequencing, were not carried out due to time limitations.
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Table 6.3 Phylogenetic affiliations of translated bacterial amoA sequences from Movile Cave

(Airbell 2, water)

Clones Closest GenBank relatives

(accession code)

W 1dentity (%) /
@ Similarity (%)

Phylogenetic affiliations of GenBank
relatives

MB_1 AMO [uncultured bacterium]; 99/99
pond sediment
(ACU27507.1)
AMO [Nitrosomonas nitrosa] 96 /97 Betaproteobacteria; Nitrosomonadales;
(CACB82258.1) Nitrosomonadaceae;
AMO [Nitrosomonas europaea] 93/95 Nitrosomonas
(CAC82254.1)
AMO [Nitrosomonas eutropha] 92/95
(AAO60371.1)
MB_2 AMO [uncultured bacterium]; 100/100
wetland sediment
(AGW02566.1)
AMO [Nitrosomonas nitrosa] 94 /97 Betaproteobacteria; Nitrosomonadales;
(CAC82258.1) Nitrosomonadaceae;
AMO [Nitrosomonas halophila] 92 /95 Nitrosomonas
(CAC82248.1)
AMO [Nitrosomonas europaea] 91/95

(CAC82254.1)

Abbreviations: AMO = ammonia monooxygenase, alpha subunit.

@ Sequence analysis was carried out using the blastx algorithm (alignment of translated nucleotide

sequences against protein database), hence, identity and similarity values refer to amino acid

sequences.

(i)  No detection of NOB in Movile Cave with nrxB PCR

PCR primers targeting nitrite oxidoreductase (nrxB) from Nitrospira (Maixner, 2009) were
used in an attempt to detect nitrite-oxidising bacteria (NOB) in Movile Cave. However, no
amplification products were obtained from water or floating mat samples, even under
conditions of low stringency. This may suggest that NOB are not abundant enough to be
detected by PCR. Since the nrxB gene is not as well conserved as amoA, it is also possible
that a different set of nxrB primers is needed. At the time this PhD study was conducted, nxrB
primer sets were only available for Nitrospira or Nitrobacter. Nitrospira-specific nxrB

primers were chosen because this organism was detected by Chen et al. (2009), however, it

may not be the most abundant NOB in Movile Cave.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Protein&list_uids=255683960&dopt=GenPept&RID=X0A623F201N&log$=protalign&blast_rank=8
http://www.ncbi.nlm.nih.gov/protein/18996175?report=genbank&log$=protalign&blast_rank=2&RID=SW809UNN014
http://www.ncbi.nlm.nih.gov/protein/18996169?report=genbank&log$=protalign&blast_rank=8&RID=SW809UNN014
http://www.ncbi.nlm.nih.gov/protein/33187195?report=genbank&log$=protalign&blast_rank=9&RID=SW821J4101R
http://www.ncbi.nlm.nih.gov/protein/544182718?report=genbank&log$=protalign&blast_rank=3&RID=SW5VGPSN01R
http://www.ncbi.nlm.nih.gov/protein/18996175?report=genbank&log$=protalign&blast_rank=2&RID=SW809UNN014
http://www.ncbi.nlm.nih.gov/protein/18996165?report=genbank&log$=protalign&blast_rank=6&RID=SW809UNN014
http://www.ncbi.nlm.nih.gov/protein/18996169?report=genbank&log$=protalign&blast_rank=8&RID=SW809UNN014
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Table 6.4 Phylogenetic affiliations of translated archaeal amoA sequences from Movile Cave
(Airbell 2, wall biofilm)

Clones  Closest GenBank relatives @ Identity (%) / Phylogenetic affiliations of
(accession code) Wsimilarity %) GenBank relatives
MAS8b-1  AMO [uncultured archaeon]; 100/ 100 Not spcecified

MA8b-3  Icelandic grassland soil
MAS8b-4  (AFA54037.1)

AMO [Nitrosopumilus maritimus] 94 /97 Thaumarchaeota; Nitrosopumilales;

(ADJ95198.1) Nitrosopumilaceae; Nitrosopumilus

AMO [Nitrosotalea devanaterra] 82/92 Thaumarchaeota; unclassified

(AEN04471.1) Thaumarchaeota; Cand. Nitrosotalea

AMO [Nitrosphaera viennensis] 78 187 Thaumarchaeota; Nitrososphaerales;

(CBY93673.1) Nitrososphaeraceae; Nitrososphaera
MA8b-2  AMO [uncultured archaeon]; 98 /98 Not spcecified

Dongjiang River sediment
(AER50807.1)

AMO [Nitrosopumilus maritimus] 95/97 Thaumarchaeota; Nitrosopumilales;
(ADJ95198.1) Nitrosopumilaceae; Nitrosopumilus
AMO [Nitrosotalea devanaterra] Thaumarchaeota; unclassified
(AEN04471.1) 83/90 Thaumarchaeota; Cand. Nitrosotalea
AMO [Nitrosphaera viennensis] Thaumarchaeota; Nitrososphaerales;
(CBY93673.1) 80/88 Nitrososphaeraceae; Nitrososphaera

Abbreviations: AMO = ammonia monooxygenase, alpha subunit; Cand. = Candidatus
@ Sequence analysis was carried out using the blastx algorithm (alignment of translated nucleotide
sequences against protein database); hence, identity and similarity values refer to amino acid

sequences.

6.3.4 SIP experiments suggest that sulfur oxidisers are the dominant primary
producers in Movile Cave and indicate niche separation of AOA and AOB

M) 13COZ-SIP experiments 2010: low levels of biomass and lack of enrichment

To assess the relative contributions of nitrifiers and sulfur oxidisers to primary production in
Movile Cave, DNA-SIP experiments were set up using *C-labelled bicarbonate (for simplicity
referred to as **CO, from here on) with and without addition of ammonium or reduced sulfur
compounds as an additional energy source (for details on SIP setup see Chapter 2, section 2.4).
In 2010, SIP enrichments with *CO, and NH,* were set up with Movile Cave water only (as
no floating mat material was available at time of sampling) over a time course of 5 weeks. The

incubations were set up by adding 2.5 mM *CO, and 1 mM NH,* to 20 ml cave water in
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120 ml serum vials and incubating at 21°C in the dark (native NH4" concentrations prior to
addition of substrate ranged between and 0.1-0.5 mM for water samples). Control incubations

with unlabelled substrate (*CO,) were set up alongside.

Similar to MMA- and DMA-SIP experiments, the total amount of DNA extracted from
the incubations was rather low (as little as 650 ng DNA per 20 ml sample). The low level of
enrichment was attributed to the low amount of biomass present in the cave water samples.
When analysed by DGGE, the bacterial community profiles based on 16S rRNA genes
amplified from DNA extracted at 48 hours, 96 hours and 5 weeks (using PCR primers
341f-GC / 907r) showed little change over time. Only at t=3 (5 weeks incubation) some
additional DGGE bands were visible, however, they were not conserved between **CO, and
3C0, enrichments (Figure 6.5).

13CO, + NH,* 2CO, + NH,*

Marker t1 t2 t3 Marker

- -

Sphingobacteriales (91%) ionell 0
Legionella (96%) i Legionella (98%)

Thiobacillus (78%) Moraxellaceae (90%)

Rhodocyclales (78%)
Comomonadaceae
Thiothrix (86%)

Xanthomonadales (90%)
Thiothrix (85%0)
Nitrospira (97%)

Azospirillum (99%)

Figure 6.5 DGGE profiles of the bacterial community in 13COz / NH,4" SIP enrichments set up with
Movile Cave water (2010). DGGE analysis of bacterial 16S rRNA gene PCR products (341f GC /
907r) amplified from unfractionated DNA of different time points show little change in the microbial
community over time with only a few additional bands appearing at t3 (t1=4 h; t2=96 h; t3=5
weeks). The variation between the two t; communities is most likely a result of the “bottle effect”,
which is more pronounced at longer incubation times. 16S rRNA gene sequences obtained from
dominant DGGE bands are indicated (numbers in brackets refer to nucleotide sequence identity with
GenBank relatives). Apart from the nitrite-oxidising bacterium Nitrospira, no nitrifiers were
identified.

Community variation between replicate enrichments at later time points was seen previously
in MMA-SIP enrichments (refer to Figure 4.2) and is a commonly observed phenomenon in

batchwise incubations, termed the “bottle effect”, whereby enrichment of microorganisms in a



CHAPTER 6 145

confined environment unspecifically affects the community composition (Hammes et al.,
2010). A few dominant DGGE bands were nonetheless excised from the gel and sequenced
(Figure 6.5); out of these, only one could be identified as a nitrifying bacterium, sharing 97%
sequence identity to the 16S rRNA gene of the NOB Nitrospira. Sequencing did however
reveal a number of sulfur-oxidising bacteria (Thiobacillus and Thiotrix). This may mean that
nitrifiers are not the major primary producers in Movile Cave, or that they do not dominate
under the growth conditions used in the laboratory. Archaeal 16S rRNA genes could not be

amplified from DNA taken from any of the time points.

(i) 'CO,-SIP experiments 2011: Change in the bacterial community over time

Following a new sampling trip to Movile Cave in 2011, **CO,/ NH," -SIP enrichments were
repeated using both water and floating mat samples (separate experiments). For water
samples, the volume was doubled to 40 ml compared to the previous time. Additionally, with
more sample material available, enrichments were set up in duplicates. Between 900 -
1,800 ng DNA per sample was obtained from SIP enrichments with water, and as much as
6,000 - 30,000 ng DNA per sample from SIP enrichments with floating mat material.
Bacterial 16S rRNA gene fragments were amplified using the same primer set as used
previously (341-GCf / 907r PCR). DGGE analysis of the amplification products revealed a
clear change in the bacterial community composition over time (in both water and mat SIP
enrichments), which was similar between replicate bottles (Figures 6.6a and b). These results
were promising, suggesting enrichment of autotrophic bacteria from water and mat samples.
However, analysis of fractionated DNA (see section (iv) below) would reveal that the

enriched organisms had not incorporated **CO,.
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Figure 6.6a DGGE profiles of the bacterial community in **CO, / NH," SIP enrichments set up with
Movile Cave water (2011). Each lane on the gel represents a separate enrichment, i.e. duplicates
originate from separate serum vials. DGGE analysis of bacterial 16S rRNA genes amplified from

unfractionated DNA of different time points shows a change in the bacterial community over time.
t1 = 48 hours; t2 = 1 week; t3 = 2 weeks.
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13C02 + NH4+ 12C02 + NH4+
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Figure 6.6b DGGE profiles of the bacterial community in 13C02 / NH," SIP enrichments set up with
samples from a floating mat in Movile Cave (2011). Each lane on the gel represents a separate
enrichment, i.e. duplicates originate from separate serum vials. DGGE analysis of bacterial 16S rRNA
genes amplified from unfractionated DNA of different time points shows a change in the bacterial
community over time. t1 = 48 hours; t2 = 1 week; t3 = 2 weeks.

(i) 'C0O,.SIP experiments 2011: Archaeal community analysis

PCR was also carried out using a wide selection of Archaea-specific 16S rRNA primer sets
(for details of primes see Table 2.2) but failed to generate any amplification products.
Eventually, PCR primers targeting specifically thaumarchaeal 16S rRNA genes
(A190f / 1492r, nested with Thaum_771f/ Thaum_957-GCr), indicative of AOA, yielded
PCR amplification products from both mat and water SIP enrichments. DGGE profiling of
these PCR products did however not indicate any clear pattern when comparing community
profiles between replicates and different time points (Figure 6.7). Based on the number of
bands visible on the DGGE gel, the thaumarchaeal diversity appears to be higher in water

compared to floating mats, where a small number of dominant bands were observed (Figure
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6.7). All visible bands were excised from the DGGE gel, but unfortunately, due to time
limitations, these could not be analysed by DNA sequencing. Therefore, 16S rRNA-gene
based results from this study do not offer conclusive evidence for the presence of
thaumarchaeal ammonia oxidisers in Movile Cave.
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Figure 6.7 DGGE profiles of putative thaumarchaeal 16S rRNA genes (indicative of AOA) amplified
from 3CO, / NH," SIP enrichments set up with water and floating mat samples from Movile Cave
(2011). DGGE analysis suggests a high level of thaumarchaeal diversity in cave water, and a few

dominant thaumarchaeal representatives in floating mats. t1 = 48 hours; t2 = 1 week; t3 = 2 weeks.

(iv) **C-bicarbonate incorporation: insufficient labelling of DNA

Following analysis of native DNA from SIP incubations with *CO, and NH,", heavy DNA
was separated from light DNA by ultracentrifugation and fractionation in order to identify
organisms that had incorporated *3C-label (i.e. active CO, fixers). Fourteen fractions were
obtained and correct formation of the gradient was confirmed by measuring the density of
each fraction. Based on density measurements, heavy DNA was expected to be concentrated

around fractions 8 and 9 (F8 and F9 in Figure 6.8); light DNA was expected in fractions 12 -
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14 (F12 - F14 in Figure 6.8). However, analysis of the individual fractions by agarose gel
electrophoresis of amplified 16S rRNA genes revealed only a weak DNA signal in heavy
fractions (Figure 6.8), indicating insufficient incorporation of *C-label. Since traces of DNA
were also visible in those fractions where no DNA was expected (F1 — F7), it is possible that
the presence of small amounts of DNA across fractions F1 — F9 was due to incomplete
removal of the light DNA, rather than the presence of heavy DNA.

t, = 1 week t;= 2 weeks

-bicarbonate + NH,* incubation -bicarbonate + NH,* incubation

N eem W W

F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F3 FA F5 F6 F7 F8 F9 F10 F11 F12 F13 Fl14

W '°C-bicarbonate + NH,* incubation -bicarbonate + NH,*incubation

-
-

Figure 6.8 Agarose gel electrophoresis of bacterial 16S rRNA gene fragments amplified from
fractionated DNA of *CO, / NH," SIP enrichments with floating mat material at 1 week (t2) and 2
weeks (t3), showing no significant DNA signal in heavy fractions (F8 and F9).

All fractions were nonetheless analysed by DGGE in order to identify any potential difference
in the community profile between light and heavy DNA. However, DGGE analysis revealed
no difference in the community composition between light and heavy fractions (Figure 6.9).
These results suggest that either the enriched bacteria were not autotrophs, or that excessive
amounts of unlabelled CO, led to insufficient labelling of active autotrophs. Excess amounts
of unlabelled CO; could be explained by higher amounts of biomass present in the samples
compared to previous SIP incubations, leading to increased CO, production from respiration
by heterotrophic microorganisms. However, enrichments from water samples (which
contained much less biomass than samples from floating mat) also showed no successful
incorporation of *C-label. It may also be possible that the excess bicarbonate was derived
from the limestone itself. Knowledge of the dissolved organic carbon concentrations in the

enrichments would give important information for future SIP experiments.
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F10 F11

Figure 6.9 DGGE analysis of 16S rRNA bacterial PCR products from fractionated DNA of
3C0, / NH,* SIP enrichments with Movile Cave mat (t2 = 1 week), revealing no noticeable difference
in the community profile of heavy and light fractions. Abbreviations: F2 - F13 = fractions 2 - 13; nat.

= native (unfractionated) DNA; n/s = “no substrate” control.

(v)  No detection of nitrifiers in **CO, / NH," SIP incubations

Despite the lack of DNA in heavy fractions, dominant DGGE bands were excised for
sequence analysis in order to identify any potential autotrophs present. Due to time
limitations, only time point t=2 (1 week) of enrichments set up with floating mat material was
analysed (DGGE gel shown in Figure 6.9). This sample was chosen as enrichments from
floating mat had shown higher levels of activity compared to enrichments with water (NO,’
production after 3 days as opposed to 7 days, see section 6.3.2). However, no nitrifiers were
detected. Tthe majority of sequences affiliated with sulfur-oxidising bacteria (Thiomonas,
Thiobacillus, Leptothrix, Sulfuritalea) and aerobic heterotrophs (Thermomonas,
Xanthomonas, Luteibacter, Sphingopyxis), while sulfate-reducing bacteria (Desulforhopalus)
were also present. These results support findings from previous SIP enrichments with *CO,
as the only added carbon source (see Figure 6.5 and Chen et al., 2009), suggesting that sulfur
oxidisers, and not nitrifiers, are likely to be the dominant autotrophs in Movile Cave.
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(vi) amoA gene surveys of SIP enrichments reveal the presence of AOA and AOB and

suqggest niche separation of the two groups

To complement 16S rRNA gene-based analysis of *CO, / NH," SIP incubations, samples
derived from different time points were also screened for the presence of bacterial and
archaeal amoA genes. While 16S rRNA gene-based DGGE indicated that sulfur oxidisers are
the dominant autotrophs in Movile Cave (section (iv) above), supporting results from past SIP
experiments (SIP experiments 2010, see section 6.5), analysis of amoA genes would give
clues as to whether any nitrifiers were present. Primers specific for (i) archaeal amoA genes
and (i) betaproteobacterial amoA genes were used with native DNA from *CO, / NH," SIP
enrichments as well as control enrichments with unlabelled CO, (time points t1; t2; t3). The
PCR reaction was optimised for each primer set using one sample that worked well, and

subsequently repeated for all replicates and time points.

While no nitrifiers could be detected by 16S rRNA gene-based studies (see above),
bacterial as well as archaeal amoA genes were amplified from the SIP enrichments (Figure
6.10). Interestingly, results from amoA-screening also suggested a niche separation of the two
groups in Movile Cave, indicating that AOA are the main nitrifiers in water while AOB
dominate at higher NH4" concentrations: Bacterial amoA genes were detected in both water
and mat samples, but only after two weeks of incubation (Figure 6.10), suggesting that AOB
were enriched over time following the addition of 1 mM NH,4". In contrast, archaeal amoA
sequences were amplified only from water enrichments, and seemed to decrease following
incubation with NH," (Figure 6.10), suggesting that the incubation conditions favoured the
growth of AOB over AOA. Standing concentrations of NH4" in Movile Cave are considerably
higher in the floating mats (0.5-0.8 mM, see 6.3.2.) than in water (0.2 - 0.3 mM, Sarbu
2000). While PCR results do not offer quantitative data, the fact that archaeal amoA genes
were not detected in incubations set up with floating mat samples or at later time points
following the addition of NH," may suggest that AOA in Movile Cave are outcompeted by
AOB at higher NH," concentrations. The hypothesis that AOB dominate at higher NH,"
concentrations is supported by studies of nitrifying communities in soil (e.g. Verhamme et al.,
2011) and kinetic studies of pure cultures (Martens-Habbena et al., 2009), both of which have
shown that AOA are more competitive at low NH;* concentrations. However, NH;"
concentrations in Movile Cave water are still very high at 0.3 mM compared to those of

seawater (which are in the uM range).
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Figure 6.10 Agarose gels of bacterial and archaeal amoA genes amplified from 3C0, / NH," sIP
enrichments (2011) with Movile Cave water and floating mat material, respectively. Results show an
enrichment of bacterial amoA, and a depletion of archaeal amoA, indicating that the growth conditions
used in the laboratory favoured ammonia-oxidising bacteria. No archaeal amoA genes were amplified
from mat samples at any given time point. Abbreviations: AOB = ammonia-oxidising bacteria; AOA =
ammonia-oxidising archaea; R = replicate; t1 = 48 hours; t2 = 1 week; t3 = 2 weeks. R1 and R2 are
derived from 13COZ/ NH," enrichments, R3 and R4 from enrichments with unlabelled CO, / NH,".

6.3.5 Enrichment of ammonia-oxidising bacteria and archaea

In an attempt to isolate nitrifying bacteria and archaea, long-term enrichments were set up
with cave water, using 181 medium (according to the recipe described for Nitrosomonas, see
Chapter 2, section 2.5), with NH;" as the only added energy source and no added carbon
source to select for autotrophic ammonia oxidisers. Enrichment cultures for the selection of
archaea were set up with cave water that had been filtered through 0.2 um Sterivex filters and
additionally supplemented with the antibiotic streptomycin (50 pg / ml) to avoid bacterial
growth. All enrichments were furthermore supplemented with phenol-red solution as pH
indicator (a decrease in pH as a result of NO, production changes the colour of the medium
from pink to colourless, see Chapter 2, section 2.5). Enrichments were incubated at 20°C in
the dark for nine months, at which point nitrifying enrichments without antibiotics had turned
colourless, i.e. the pH had decreased, suggesting production of NO,™ and activity of AOB.

Microscopic analysis revealed mainly non-motile, rod-shaped bacteria (Figure 6.11) along
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with a few motile spirilla. Enrichments with added antibiotics had also changed colour, albeit
still slightly pink, suggesting a lower rate of nitrifying activity (this was expected due to
slower growth of AOA). Microscopy indeed revealed tiny non-motile cells believed to be
archaea based on their small size (Figure 6.11). Meanwhile, cells of the size of bacteria as
seen in unfiltered enrichments without streptomycin, were completely absent in archaeal

enrichments (Figure 6.11).

Figure 6.11 Phase-contrast microscopy of nitrifying enrichments set up with Movile Cave water.
Small cells (< 1 um in length), believed to be archaeal ammonia oxidisers, were visible in enrichments
that had been treated with antibiotics (left). Cells of bacterial dimension (1 - 2 um long) were only

visible in untreated enrichments (right).

At this point, the enrichments were subcultured into fresh 181 medium (at 10 dilutions)
with and without antibiotics as before. After a further 3 months of incubation at 20°C in the
dark, dilutions of the transfers were added to pouring plates (at 10 dilutions) as described for
the isolation of AOB by Bollman et al. (2011). It was not expected to detect any growth for 3
to 6 months (Bollman et al., 2011). However, after only one week of incubation, plates
without antibiotics in the medium had turned from pink to colourless and showed an
abundance of colonies inside the agar. The rapid growth was highly suspicious and suggested
that the colonies were heterotrophs rather than nitrifiers. Colonies were picked out of the agar
with a sterile Pasteur pipette for colony PCR and sequencing of 16S rRNA genes. Sequence

analysis of colonies did not reveal any autotrophs, but instead identified species of
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Nocardioides, Variovorax, Sinorhizobium and Pseudomonas. It is possible that these
organisms grew with trace amounts of carbon present in the agar, or even used the phenol-red
solution added for pH indication, as all of these genera contain species which have been
described to degrade aromatic compounds. The decrease in pH might be due to CO,
production. Phenol-red solution should hence be avoided for autotrophic enrichments in the
future. Plates with added antibiotics showed no sign of growth, even after one year, and were
discarded. While the attempt to isolate nitrifiers failed, results suggest that ammonia oxidisers
were at least enriched. 16S rRNA gene-based clone libraries of the enrichments which might

have confirmed this could not be established due to time limitations.

6.3.6 Summary

In summary, SIP incubations with **CO, and added NH," failed to identify active CO,-fixers
due to insufficient *3C-labelling, however, the overall results suggest that nitrifiers are both
present and active in Movile Cave, based on functional gene-based PCR of enrichments
(bacterial and archaeal amoA) as well as consumption of NH;" and production of NO;™ in
enrichments (see section 6.3.2). The results obtained in this PhD project however also indicate
that sulfur oxidisers, and not nitrifiers, are likely to be the dominant primary producers in

Movile Cave.

6.4 Dinitrogen fixation in Movile Cave

Only a relatively small number of prokaryotes are able to use elemental nitrogen (N,) as a
cellular nitrogen source by N fixation (the reduction of N, to NH,") (Madigan et al., 2009):

N, + 8[H] + 16 ATP — 2 NH3 + H, + 16 ADP + 16 P;

However, the ability to fix N, is widespread amongst phylogenetically and physiologically
diverse groups of microorganisms, including sulfate-reducing bacteria and methanogenic
archaea (Mehta et al., 2003). Several bacteria identified in Movile Cave are known to be
capable of diazotrophic growth, e.g. Thiobacillus denitrificans, Beggiatoa and Methylocystis,
(Sérbu et al., 1994; Vlasceanu et al. 1997; Hutchens et al., 2004). However, N,-fixation is a
highly energy-demanding process for microorganisms (requiring 16 ATP for reduction for
one molecule of N,) and therefore carried out only under nitrogen limitation. Standing

concentrations of NH;" in Movile Cave are relatively high: Sarbu (2000) reported
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concentrations of 0.2 - 0.3 mM in water, while NH;" measurements carried out in this PhD
project ranged between 0.1 - 0.5 mM for water samples, and 0.5 - 0.8 mM for floating mat
material. It is however possible that NH,"-depleted areas exist within the floating mats where
microbial N, fixation could be an important process. Indeed, nitrogen fixation by Beggiatoa-
dominated microbial mats has been shown to be a major process in Frasassi Cave, a sulfidic
cave system that has similar NH4" concentrations to Movile Cave (Sarbu et al., 2002; Desai et
al., 2013). The role of N,-fixation in Movile Cave has however not been investigated. In order
to screen mat samples from Movile Cave for N,-fixing activity, reduction of acetylene (C,H>)
to ethylene (C,H,) was assayed by gas chromatography. In addition, PCR primers targeting
nifH, key gene in nitrogen fixation were used to screen Movile Cave samples for potential N-

fixing bacteria and archaea.

6.4.1 PCR-based studies suggest a wide phylogenetic diversity of nifH in

Movile Cave

The nifH gene encodes the dinitrogenase reductase (iron protein) of nitrogenase, the enzyme
complex that catalyses N, fixation. nifH is one of the most ancient and conserved structural
genes (Mehta et al., 2003) and is therefore widely used for the detection and taxonomy of
nitrogen-fixing microorganisms. Degenerate nifH-specific PCR primers were used in order to
target a wide range of N,-fixers. Gene fragments of the correct length were amplified from all
cave water, floating mat and wall biofilm samples tested (Table 6.2). While only four nifH
clones were sequenced, there appears to be considerable diversity of No-fixing bacteria in
Movile Cave (Table 6.5). All four clones were distinct from each other: One clone showed a
high level of identity (99%) to dinitrogenase reductase from the metal-reducing bacterium
Geobacter lovleyi. A further clone shared 94% identity with dinitrogenase reductase from the
purple sulfur bacterium Thiocapsa. The remaining two nifH sequences shared only 86% and

72% identity to the nearest related proteins (91% and 83% similarity), respectively.
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Table 6.5 Phylogenetic affiliations of translated nifH sequences from Movile Cave
(Airbell 2, floating mat)

Clones  Closest GenBank relatives @ Identity (%)/  Phylogenetic affiliation of GenBank

(accession code) @ Similarity (%) relative

NH7-5  Nitrogenase iron protein 99/99 Deltaproteobacteria; Desulfuromonadales;
[Geobacter lovleyi] Geobacteraceae; Geobacter
(NC_010814.1)

Nitrogenase iron protein 95/98 Alphaproteobacteria; Rhizobiales;
[Bradyrhizobium japonicum] Bradyrhizobiaceae; Bradyrhizobium
(GQ289574.1)

NH7-1  Nitrogenase iron protein 86/91 Epsilonproteobacteria; Campylobacterales;
[Wolinella succinogenes] Helicobacteraceae; Wolinella
(NC_005090.1)

Nitrogenase iron protein 80/89 Epsilonproteobacteria; Campylobacterales;
[Sulfurospirillum multivorans] Campylobacteraceae; Sulfurospirillum

(DQ337206.1)

NH7-4  Nitrogenase iron protein 94 /96 Gammaproteobacteria; Chromatiales;
[Thiocapsa roseopersicina] Chromatiaceae; Thiocapsa
(EU622784.1)

Nitrogenase iron protein 93/96 Gammaproteobacteria; Methylococcales;
[Methylomonas rubra] Methylococcaceae; Methylomonas

(AF484673.1)

NH7-6  Nitrogenase iron protein 89/93 Deltaproteobacteria; Desulfovibrionales;
[Desulfovibrio magneticus] Desulfovibrionaceae; Desulfovibrio
(NC_012796.1)

Nitrogenase iron protein 87/91 Chlorobi; Chlorobia; Chlorobiales;
[Chloroherpeton thalassium] Chlorobiaceae; Chloroherpeton

(NC_011026.1)

@ Sequence analysis was carried out using the blastx algorithm (alignment of translated nucleotide
sequences against protein database); hence, identity and similarity values refer to amino acid

sequences.

6.4.2 No detection of N,-fixing activity in Movile Cave samples

No significant ethylene production could be detected in microbial mat samples following
addition of acetylene over a time course of several hours (for details of essay and positive
controls refer to Chapter 2, section 2.16). Only the floating mat sample taken from Airbell 1
produced a very small ethylene peak after 20 min following addition of acetylene
(corresponding to a production of 6.5 nmol C;H,4 in 2g mat), but showed no further increase.
There is therefore no indication for N, fixing activity in the microbial mat in Movile Cave at
this point. However, it may be useful to back up these data with gene expression studies of
nifH. Even though the samples were processed within 48 hours of sampling, the biomass may


http://www.ncbi.nlm.nih.gov/nuccore/189423082
http://www.ncbi.nlm.nih.gov/nuccore/254574663
http://www.ncbi.nlm.nih.gov/nuccore/34556458
http://www.ncbi.nlm.nih.gov/nuccore/85062748
http://www.ncbi.nlm.nih.gov/nuccore/28628928
http://www.ncbi.nlm.nih.gov/nuccore/193213720
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have lost its activity so quickly that it could not be detected. Since Movile Cave is a protected
ecosystem (the cave is only opened to scientists once or twice per year), in situ assays are
unfortunately not an option. While nifH expression itself would not guarantee detection of N-
fixing activity in Movile Cave, it would be a good first indicator, and a lack of nifH
expression would substantiate the hypothesis that microbial N, fixation does not contribute to
the cycling of nitrogen in this system.

6.5 Anaerobic nitrogen respiration in Movile Cave: Denitrification and

Anammox

6.5.1 Introduction to denitrification

Denitrification is an anaerobic respiration process that results in the stepwise reduction of
nitrate (NO3’) to molecular nitrogen (N) via the intermediates nitrite (NO), nitric oxide
(NO) and nitrous oxide (N20O). It is the major mechanism by which fixed nitrogen is removed
from soil and water, and returned to the atmosphere (Philippot, 2002). Denitrification is
carried out in the absence of O, as a terminal electron acceptor by a phylogenetically wide
range of microorganisms. While proteobacterial denitrifiers are the most intensively studied
and isolated, denitrifiers are also found among gram-positive bacteria, archaea, fungi and
benthic foraminifera (Kraft et al., 2011). Nearly 130 species of bacteria and archaea
belonging to more than 50 genera can denitrify (Zumft, 1992). Complete denitrification
generally involves several microbial species. Nitrate reductase, the enzyme that catalyses the
reduction of NO3™ to NO;', the first step in denitrification, can also be found in bacteria that
are not denitrifiers (Kraft et al., 2011). The second enzyme in the denitrification process,
nitrite reductase, catalyses the conversion of to NO, to N,O. This is the first step that
distinguishes denitrifiers from NOjs-respiring bacteria which do not reduce NO, to gas
(Prieme et al., 2002). In denitrifying bacteria, dissimilatory nitrite reductase exists in two
structurally different forms: a copper-containing form (nirK), and a heme-containing form
(nirS). The two enzymes are evolutionary unrelated and no bacteria have been found to
possess both (Priemé et al.,, 2002). The nirS and nirK genes are the main molecular

biomarkers for the detection of denitrifying bacteria.
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6.5.2 Introduction to anammox

The discovery of anaerobic ammonium oxidation (anammox) bacteria in recent years was an
important finding in the nitrogen cycle (Mulder et al., 1995; van de Graaf et al. 1995; Strous
et al., 1999). Previously, denitrification was thought to be the only significant pathway for N,
formation and removal of fixed nitrogen from ecosystems (Trimmer et al., 2003), even though
the existence of anammox was already proposed many years ago based on theoretical
calculations and anomalies in nitrogen balances (reviewed by van Niftrik, 2013). Anammox
bacteria are able to grow autotrophically by oxidising NH4" to N, under anoxic conditions,
using NO;" as the electron acceptor (with nitric oxide and hydrazine as intermediates), thereby
bypassing the classic coupling of aerobic nitrification to denitrification (Trimmer et al.,
2003):

NH," + NO; — N, + 2 H,0 (AG” = - 343 kJ mol™)

(Note: AG” calculated from AG{ of aqueous compounds as listed in Supplementary Table S1)

The process is carried out by a specialised group of planctomycete-like bacteria that were first
discovered in man-made ecosystems (Hu et al., 2011). Since their discovery, numerous
studies have investigated the role of anammox in natural ecosystems. It has been suggested
that they are present in virtually any anoxic place where fixed nitrogen (NH4*, NO3", NO,) is
found, and they are believed to account for an estimated 50% of all nitrogen gas released into
the atmosphere from oceans (Kartal et al., 2012) and up to 40% in non-marine habitats (Hu et
al., 2011). Anammox has also emerged as a cost-effective and environment-friendly
technology to remove NH," and NO, from both industrial and domestic waste (van Niftrik,
2013). Two different anammox species rarely live in a single habitat, suggesting that each
species has a defined niche (Kartal et al., 2007). It has been hypothesised that anammox
bacteria are able to use a broad range of organic and inorganic electron donors besides NH,",
and may be capable of alternative chemolithotrophic lifestyles (Kartal et al., 2012). To date,
all studies of anammox rely on molecular studies and enrichment cultures, as currently there
are no anammox species in pure culture (anammox bacteria are difficult to cultivate and have
very slow growth rates). Anammox bacteria form a distinct group within the phylum
Planctomycetes, and a separate order, Candidatus Brocadiales (Jetten et al., 2010) which
consists exclusively of anammox bacteria and contains all five genera (10 species) capable of
anaerobic NH," oxidation known to date (van Niftrik, 2013; Kartal et al. 2012): Kuenenia,
Brocadia, Anammoxoglobus, Jettenia, Scalindua (Lucker, 2010). As no anammox Species

were obtained as classical pure cultures, all have the taxonomical status of ‘Candidatus’
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(Kartal et al. 2012). Four of the five anammox genera were enriched from a single inoculum
from wastewater sludge; the fifth (Scalindua) is of marine origin. It has been suggested that
currently known species may only represent a minute fraction of anammox biodiversity
(Kartal et al. 2012).

6.5.3 Denitrification and anammox in Movile Cave

With large parts of the water and sediment in Movile Cave being anoxic, many microbes
will rely on anaerobic respiration processes. In addition to sulfate reduction (Rohwerder et al.,
2003; Engel, 2007), denitrification and anammox may be important processes in these areas.
While no dedicated studies on the role of anaerobic nitrogen respiration in the Movile Cave
food web have been carried out, microorganisms with the potential to denitrify, e.g.
Thiobacillus denitrificans and Denitratisoma, have been identified by 16S rRNA gene-based
surveys (Chen et al., 2009 Porter et al, 2009). Like T. denitrificans, many facultatively
anaerobic sulfur oxidisers are able to use NO;3™ as an electron acceptor. High numbers of
sulfur-oxidising bacteria were indeed detected in anoxic enrichments with NO3™ by Rohwerder
et al. (2003), indicating a potential link between sulfur oxidation and denitrification in Movile
Cave. The fact that NO3™ cannot be detected in the cave water, while standing concentrations
of NH," are relatively high (0.2-0.3 mM, Sarbu 2000) may suggest rapid turnover of NOs™ by
denitrifiers. To assess the role of denitrification and anammox in Movile Cave, isotope pairing

studies were carried out along with PCR-based surveys in this PhD.

(1)  Isotope pairing studies

In order to determine activity of denitrifying and anammox bacteria in Movile Cave, isotope
pairing experiments were set up with anoxic water and sediment samples from Airbell 2 (for
details on experimental set up refer to Chapter 2, section 2.19). The isotope pairing technique
(IPT) is a well-established *°N method used in estimation of denitrification (Nielsen, 1992)
and more recently to estimate the relative contribution of anammox to the overall total N,
production in environments were both processes coexist (e.g. Risgaard-Petersen et al., 2003;
Trimmer et al. 2003, Dalsgaard et al., 2005; Ward et al., 2009, cited after review by Li & Gu,
2011). Experimental samples are incubated in parallel with different inorganic *°N-labelled
substrates: (1) °NH," alone, (2) a mixture of *NH," and **NO,, and (3) ®°NO, and *NH,".
After incubation, N, production from each treatment can be collected and measured on an
isotope mass spectrometer for *°N concentrations (*®N; ?N; **N,). The first incubation is
used as a control to detect any oxidation of ammonium without the addition of nitrite, while
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the second treatment is used to measure the anammox activity, where the production
of °N, stoichiometrically is a confirmation of the oxidation of ammonium (**NH,") with
reduction of nitrite (*NO,) or nitrate (*NO;s) through the anammox process:
BNH," + N0, — N, + 2 H,0 (it has been suggested that anammox bacteria can also
reduce NO3 to NO,™ and then further to NH4" under certain conditions, Kartal et al., 2007).
Production of N, on the other hand would indicate denitrification (**NOx~ + ¥NO, = %Ny).
The third incubation is to estimate the relative contribution of anammox and denitrification
collectively, where the production of N, and ®*N, indicate the activities of anammox and
denitrification, respectively (Trimmer et al., 2003; Li & Gu, 2011).

Movile Cave samples were incubated with *>N-labelled and unlabelled (**N) isotopes of
NH;", NO,” and NO;3 as described in Chapter 2, section 2.19, following the protocol of
Trimmer et al. (2003) and subsequently analysed by mass spectrometry in Mark Trimmer’s
laboratory at QMU London as described by Trimmer et al. (2003). While the experiments did
not produce conclusive results, data suggested that both denitrification and anammox were
taking place, with denitrification being the dominant of the two processes (personal
communication with Dr Kevin Purdy). More detailed studies are needed to confirm these

results.

(i) PCR-based screening for denitrification

To screen for Movile Cave bacteria with the genetic potential to denitrify, PCR primer sets
targeting the two different forms of dissimilatory nitrite reductase, nirS and nirK (Braker et
al., 2000) were used on DNA extracted from water, mat and biofilm samples from the cave.
PCR products of the expected lengths were obtained with both primer sets for samples taken
from floating mats in the lake room and Airbell 1 (Table 6.2). NirS genes were additionally
amplified from Airbell 2 floating mat and Airbell 2 wall biofilm samples. No amplification
products were obtained with either primer set from any water samples. It should be noted that
the negative PCR results may not be conclusive as no reduction of stringency of the PCR
conditions was attempted. The PCR was performed strictly according to the protocol by
Braker et al. (2000), which uses the same conditions as the original protocol (1998) by the
same authors, except for higher annealing temperatures (for details, see Table 2.2). The more
recent protocol with higher annealing temperatures was used in order to avoid unspecific

amplification for the purpose of this study (i.e., a first indication of the presence of denitrifiers
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in Movile Cave). A lower annealing temperature might be useful, however, to target all
denitrifiers and increase the amount of PCR product.

All four sequenced nirK clones affiliated with nirK from Rhizobium (95 and 94%
identity) as well as nirK from Citromicrobium (96 and 94% identity), with three of the clones
being identical (Table 6.6). Out of the four sequenced nirS clones (Table 6.7), one was 96%
identical (98% similar) to dissimilatory nitrite reductase of an uncultured bacterium from river
sediment, while the closest related sequence of a cultured representative belonged to nirS of
Arenimonas donghaensis (81% identity; 90% similarity), an organism not known to reduce
nitrate or nitrite (Kwon et al., 2007). The other three nirS sequences were identical and did not
result in any close matches, with the most closely related GenBank sequence belonging to
dissimilatory nitrite reductase of an uncultured bacterium at only 83% identity (91%
similarity), and the closest related sequence of a cultivated organism belonging to Azoarcus
tolulyticus (81% identity; 89% similarity) (Table 6.7).

Table 6.6 Phylogenetic affiliations of translated nirK sequences from Movile Cave

(lake room, floating mat)

Clones Closest GenBank relatives @ Identity (%) / Phylogentic affiliations of GenBank relatives
(accession code) @ Similarity (%)

NK2-1 Dissimilatory nitrite reductase 95/95 Alphaproteobacteria; Rhizobiales;

NK2-3 [Rhizobium selenitireducens] Rhizobiaceae; Rhizobium

NK2-4 (WP_028737952.1)
Dissimilatory nitrite reductase 96 /97 Alphaproteobacteria; Sphingomonadales;
[Citromicrobium bathyomarinum] Sphingomonadaceae; Citromicrobium

(WP_010240326.1)

NK2-2 Dissimilatory nitrite reductase 94 /94 Alphaproteobacteria; Rhizobiales;
[Rhizobium selenitireducens] Rhizobiaceae; Rhizobium
(WP_028737952.1)

Dissimilatory nitrite reductase 94 /97 Alphaproteobacteria; Sphingomonadales;
[Citromicrobium bathyomarinum] Sphingomonadaceae; Citromicrobium

(WP_010240326.1)

@ Sequence analysis was carried out using the blastx algorithm (alignment of translated nucleotide
sequences against protein database); hence, identity and similarity values refer to amino acid

sequences.
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Table 6.7 Phylogenetic affiliations of translated nirS sequences from Movile Cave
(Airbell 2, floating mat)

Clones Closest GenBank Relatives W Identity (%) / Phylogenetic affiliations of
(accession code) @ Similarity (%)  GenBank relatives
NS7-2  Dissimilatory nitrite reductase 96 /98 Not specified

[uncultured bacterium];
River sediment
(AEL12536.1)

Dissimilatory nitrite reductase 81/90 Gammaproteobacteria;
[Arenimonas donghaensis] Xanthomonadales;
(WP_034222770.1) Xanthomonadaceae; Arenimonas
NS7-1  Dissimilatory nitrite reductase 83/91 Not specified
NS7-3  [uncultured bacterium];
NS7-4  Landfill
(AEK31212.1)
Dissimilatory nitrite reductase 81/89 Betaproteobacteria; Rhodocyclales;
[Azoarcus tolulyticus] Rhodocyclaceae; Azoarcus

(AAL86941.1)

@ Sequence analysis was carried out using the blastx algorithm (alignment of translated nucleotide
sequences against protein database); hence, identity and similarity values refer to amino acid

sequences.

(i) PCR-based screening for anammox bacteria

The key enzyme in anaerobic ammonium oxidation is hydrazine oxidoreductase (hzo), which
converts the intermediate hydrazine to N,. Primers targeting hzo (Schmid et al., 2008) were
used to screen DNA extracted from lake room and Airbell 2 sediment for the presence of
anammox bacteria. Amplification products of the expected length were obtained; however,
the bands were very faint and appeared alongside unspecific amplification products. For this
reason, it could not be confirmed by sequence analysis that the amplified products were
indeed hzo genes. In addition to hzo-targeting primers, PCR with primers targeting 16S rRNA
genes from anammox-associated Planctomycetes (Schmid et al., 2003) generated
amplification products of the expected size. Two out of four sequenced clones were 99%
related to anammox bacteria from the Brocadiales (Table 6.8). The remaining two genes
however were only distantly related (78-84%) to 16S rRNA genes from both Planctomycetes
and the Deltaproteobacteria. While the presence of Brocadiales-related 16S rRNA gene
sequences does not as such provide evidence that these bacteria have the genetic potential for

anaerobic ammonium oxidation, there is a high probability they do.
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Table 6.8 Phylogenetic affiliations of 16S rRNA gene sequences obtained from DNA from Movile

Cave sediment with PCR primers targeting Candidatus Brocadiales (putative anammox bacteria)

Clones

Closest GenBank relatives
(accession code)

Identities Phylogenetic affiliations of GenBank relatives
(%)

Amx0  Candidatus Scalindua sp. 99 Planctomycetia; Candidatus Brocadiales;

Amx3  clone S-LC-9 Candidatus Brocadiaceae; Candidatus Scalindua
(JQ889466.1)
Candidatus Scalindua marina 96
clone 12C
(EF602039.1)
Candidatus Scalindua brodae 95
clone 20S
(EU142948.1)

Amx1l  Hippea sp. Lau09-781r 84 Deltaproteobacteria; Desulfurellales;
(FR754501.1) Desulfurellaceae; Hippea
Desulfovibrio alaskensis 82 Deltaproteobacteria; Desulfovibrionales;
(Y11984.3) Desulfovibrionaceae; Desulfovibrio
Methylacidiphilum infernorum 78 Verrucomicrobia; Methylacidiphilales;
(NR_074583.1) Methylacidiphilaceae; Methylacidiphilum
Singulisphaera acidiphila 78 Planctomycetia; Planctomycetales;
(CP003364.1) Planctomycetaceae; Singulisphaera
Candidatus Brocadia sp. 78 Planctomycetia; Candidatus Brocadiales;
clone AmxW-WSK-31 Candidatus Brocadiaceae; Candidatus Brocadia
(JX243634.1)

Amx2  Desulfovibrio vietnamensis 81 Deltaproteobacteria; Desulfovibrionales;
(NR_026303.1) Desulfovibrionaceae; Desulfovibrio
Hippea sp. Lau09-781r 81 Deltaproteobacteria; Desulfurellales;
(FR754501.1) Desulfurellaceae; Hippea
Candidatus Scalindua wagneri 80 Planctomycetia; Candidatus Brocadiales;
(AY254882.1) Candidatus Brocadiaceae; Candidatus Scalindua
Deferribacter autotropicus 80 Deferribacteres; Deferribacterales;

(NR_044488.1)

Deferribacteraceae; Deferribacter




164

6.6 Autotrophic microorganisms (cbbLR / cbbLG / cbbM genes)

RuBIisCO (ribulose 1,5 bisphosphate carboxylase / oxygenase) is the enzyme responsible for
CO; fixation in the most widespread CO, fixation pathway, the Calvin-Benson-Bassham
cycle. There are at least three forms of RuBisCO (Badger & Bek, 2010). Form | RuBisCO is
the most common and is found in plants as well as in photo- and chemoautotrophic
microorganisms. The cbbL gene encodes the large subunit of the enzyme and is about 1,400
bp long. Form 11 RuBisCO (cbbM) is found exclusively in microorganisms (both photo- and
chemoautotrophs) and is said to have a lower catalytic activity, being efficient only at low O,
and elevated CO, concentrations (Badger & Bek, 2010). Many bacteria have both form | and
form Il RuBisCO (such as Thiobacillus denitrificans) allowing these organisms to adjust to
fluctuations in oxygen. Form I RuBisCO is further divided into the green-like group, cbbLG,
(containing further subdivisions IA and IB), and the red-like group, cbbLR, (subdivided into
IC and ID). The green-like RuBisCO is found in Cyanobacteria and Proteobacteria, while the
red-like form is found in Proteobacteria and Archaea. Form Il is found in Proteobacteria,
while form 111 has so far only been found in Archaea (Badger & Bek, 2010).

For an indication of the autotrophs present in Movile Cave, PCR primers targeting the
different forms of RuBisCO were used to screen water, floating mat and wall biofilm samples.
DNA extracted from *3CO, SIP enrichments was not analysed with these primers due to the
lack of *C-incorporation into DNA (see section 6.3.4 (iv)). Both green-like (cbbLG) and red-
like (cBBLR) RuBisCO sequences were amplified from all samples tested (Table 6.2). No
amplification products were obtained for RuBisCO Il (cbbM). However, this probably
requires optimisation of the PCR protocol since previous studies (e.g. Chen et al., 2009)
detected RuBisCO Il genes in Movile Cave. Both cbbLR sequences analysed were identical
and related most closely to RuBisCO from Rhizobiales and Burkholderiales with 93% amino
acid sequence identity (96% similarity; Table 6.9). The two cbbLG sequences were also
identical and related most closely to RuBisCO from sulfur and metal-oxidising bacteria
(Thiobacillus, Cupridavidus, Sideroxydans) within the Betaproteobacteria (93% identity;
96% similarity; Table 6.10).
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Table 6.9 Phylogenetic affiliations of

translated cbbLR sequences from Movile Cave

(Lake room, floating mat)

Clones  Closest GenBank Relatives @ dentities (%) /  Phylogenetic affiliation of GenBank
(accession code) @ Similarity (%) relative

R2 1b RuBIisCO [uncultured bacterium]; 98/99 Not specified

R2 1a tar oil-contaminated aquifer

(ACH70435.1)

RuBisCO 95/98
[Ochrobactrum anthropi]
(AAUB6945.1)

RuBisCO 95/98
[Alcaligenes sp. DSM 30128]
(AAU86939.1)

RuBisCO 95/97
[Sinorhizobium meliloti]
(NP_436731.1)

Alphaproteobacteria; Rhizobiales;
Brucellaceae; Ochrobactrum

Betaproteobacteria; Burkholderiales;
Alcaligenaceae; Alcaligenes

Alphaproteobacteria; Rhizobiales;
Rhizobiaceae; Sinorhizobium

@ Sequence analysis was carried out using the blastx algorithm (alignment of translated nucleotide

sequences against protein database); hence, identity and similarity values refer to amino acid

sequences.

Table 6.10

Phylogenetic affiliations of translated cbbLG sequences from Movile Cave

(Lake room, floating mat)

Clones  Closest GenBank relatives @ |dentities (%) /  Phylogenetic affiliations of

(accession code) @ Similarity (%)  GenBank relatives
G2.1 RuBisCO 93/96 Betaproteobacteria; Hydrogenophilales;
G2 2 [Thiobacillus denitrificans] Hydrogenophilaceae; Thiobacillus

(YP_316382.1)

RuBisCO 93/96
[Cupriavidus metallidurans]
(YP_583653.1)

RuBisCO 93/96
[Sideroxydans lithotrophicus]
(YP_003523610.1)

RuBisCO 92/95
[Thiobacillus thiophilus]
(ACF06645.1)

RuBisCO 92/95
[Acidithiobacillus ferrooxidans]
(6878659 rbcL)

Betaproteobacteria; Burkholderiales;
Burkholderiaceae; Cupriavidus

Betaproteobacteria; Gallionellales;
Gallionellaceae; Sideroxydans

Betaproteobacteria; Hydrogenophilales;
Hydrogenophilaceae; Thiobacillus

Gammaproteobacteria;
Acidithiobacillales; Acidithiobacillaceae;
Acidithiobacillus

@ Sequence analysis was carried out using the blastx algorithm (alignment of translated nucleotide

sequences against protein database); hence, identity and similarity values refer to amino acid

sequences.
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For a more in-depth survey of the diversity of autotrophs in Movile Cave, larger clone
libraries or high-throughput pyrosequencing data will be required. It should also be
considered that some microorganisms use other pathways for CO; fixation, such as the
reductive TCA cycle in some anaerobic bacteria, the reductive acetyl-CoA pathway in
methanogenic archaea and acetogenic bacteria, and the 3-hydroxypropionate/4-
hydroxybutyrate cycle found in some (facultatively) autotrophic bacteria and archaea (Fuchs
& Schlegel, 2007). The latter pathway has been found in Crenarchaeota (Sulfolobales,
Desulfurococcales, and Thermoproteales), Euryarchaeota (Archaeoglobales and
Thermoplasmatales) as well as Thaumarchaeota (reviewed by Nicol & Prosser, 2011). This is
of special interest with respect to ammonia-oxidising archaea in Movile Cave. Primers are
available for hcd, coding for 4-Hydroxybutyryl-CoA dehydratase (4HCD), a key enzyme in
this pathway (Offre et al., 2011). Real-time PCR of cbbL and hcd genes might be a useful tool
to assess the activity of bacterial and archaeal autotrophs in Movile Cave and gain an
indication of their relative contributions to primary production. RNA-SIP could also be a

useful way to identify active CO,-fixing organisms, as this is more sensitive than DNA-SIP.
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Chapter 7. Summary and Outlook
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7.1 Well-known and new methylotrophs are active in Movile Cave

Active MMA-utilising bacteria identified by DNA-SIP experiments with CO,-labelled MMA
and DMA (Chapter 4) included both well-characterised and novel methylotrophs:
Methylotenera mobilis was confirmed as one of the major MMA-utilising methylotrophs in
Movile Cave. In addition, SIP results revealed that novel methylotrophs from the genus
Catellibacterium (known for aromatic compound degradation) are among the most active
MMA and DMA utilisers in Movile Cave. Cultivation-based studies consolidated these results
with the isolation of Catellibacterium sp. LW-1, a new methylotrophic bacterium able to grow
on MMA and TMA (but interestingly not DMA). Cultivation work furthermore resulted in the
isolation of Mesorhizobium sp. 1M-11, able to grow on MMA, DMA and TMA, and thereby
representing the first member of the genus Mesorhizobium known to grow

methylotrophically.

Data from SIP enrichments also suggested that Cupriavidus, Porphyrobacter and
Altererythrobacter might play a role in methylotrophic MMA utilisation in Movile Cave
alongside known methylotrophs such as Methylobacterium and Methylovorus. While these
organisms were not isolated from the cave and have hence not been tested for growth with
methylated amines in this study, published genomes of some Cupriavidus / Ralstonia species
were found to contain gmasS (refer to phylogenetic trees in Figures 5.12 and 5.14), and recent
studies have reported methylotrophic growth for two different Cupriavidus strains on cl
compounds (Hung et al., 2011; Habibi & Vahabzadeh, 2013). Similarly, methylotrophic
growth was reported for a Porphyrobacter species (Fuerst et al., 1993). In conclusion,
organisms not generally associated with methylotrophy may be key players in degradation of

methylated amines and carbon cycling in Movile Cave.

7.2 Methlyated amines are a nitrogen source for many non-methylotrophs

Cultivation-based studies (Chapter 3) revealed that a large variety of bacteria in Movile Cave
are able to use methylated amines as a nitrogen (but not carbon) source. These results are
intriguing considering the relatively high standing concentrations of NH," present in Movile
Cave water. It is possible that NH, -depleted areas exist within the microbial mats where
utilisation of MMA is advantageous. The fact that nitrogen in the mat is isotopically light
while NH," in the cave water is heavy (Sarbu et al., 1996) could be the result of isotopic

fractionation during NH," assimilation or nitrification. It may however also indicate that a
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nitrogen source other than NH," is used. When growing methylotrophically, some bacterial
species have been shown to use the nitrogen of MMA, even when high NH4" concentrations
are present (Bellion et al., 1983). The high concentrations of NH4;" may even be partly due to

release of excess nitrogen by bacteria using MMA as both a carbon and nitrogen source.

7.3 Distribution of the gmaS gene and its use as a biomarker

7.3.1 gmaS is widespread among methylotrophic and non-methylotrophic

bacteria

Based on PCR screening of Movile Cave isolates, gmaS, key gene for the recently
characterised indirect MMA oxidation pathway, appears to be widespread amongst
methylotrophic and non-methylotrophic methylated amine-utilising bacteria: While all tested
isolates carried gmaS, mauA was detected only in a number of methylotrophic MMA utilisers
in addition to gmaS. The presence of gmas in all non-methylotrophic MMA-utilisers isolated
from Movile Cave agrees with previously published results by Chen et al. (2011). Taken
together, these results suggest that the indirect pathway is the major mode of MMA utilisation
in bacteria using MMA as a nitrogen, but not as a carbon, source. Based on our results, the
gmasS-dependent pathway also appears to be present in the majority of methylotrophic MMA
utilisers. In conclusion, the indirect pathway via GMA and / or NMG may in fact be the
dominant mode of MMA oxidation in bacteria, while the direct, MMA dehydrogenase (mauA)
dependent pathway seems to be restricted to certain groups of methylotrophic bacteria. It will
be interesting to understand how the two pathways are regulated under different growth

conditions in bacteria containing both pathways.

7.3.2 New gmasS primers are an effective biomarker

The PCR-primers developed in this study (Chapter 5) are the first primers which target gmaS
from non-marine bacteria. The new primer sets proved successful in the detection of gmaS
from bacterial isolates as well as non-genomic DNA. They therefore present a powerful tool
for the detection of MMA-oxidising bacteria in the environment which remain undetected by
currently available primer sets. In addition to amplifying gmaS from Movile Cave samples,
the new PCR primer sets also detected gmaS sequences in soil and freshwater samples
unrelated to Movile Cave. Preliminary gmasS surveys of these samples revealed a considerable
diversity of gmasS sequences, many of which were not closely related to gmaS sequences from
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known MMA utilisers (Figure 5.14). The new primers may therefore provide a useful tool for

the detection of currently unidentified MMA-oxidising bacteria.

7.3.3 Prelimary gmaS surveys suggest a wide diversity of gmaS-containing

bacteria in the environment

The fact that many of the gmaS sequences retrieved from lake and soil samples were not
closely related to gmaS sequences from published genomes or Movile Cave isolates is
intriguing and suggests that methylated amine-utilising bacteria in the environment may be
more diverse than currently recognised. Considering that only a small number of gmaS clones
from these samples were sequenced, one can assume that there is even greater diversity of
gmasS-containing bacteria than indicated by this preliminary survey. More extensive PCR-
based surveys (using larger clone libraries or high-throughput sequencing) are necessary to
assess the full diversity of gmaS-containing bacteria, both in Movile Cave and in other
environments. Expression-based studies of gmaS (and mauA) could provide a better

understanding of activity of MMA oxidisers.

Intriguingly, preliminary data from BLAST searches and alignment of the new gmaS
sequences with sequences from published genomes even suggests the possible presence of
gmaS genes in actinobacterial and cyanobacterial species. Testing representatives of the
identified organisms for growth with MMA as a nitrogen (possibly even carbon) source would
be an important first step in determining whether these putative gmaS genes do indeed
signifiy the presence of MMA-oxidising pathways in bacterial phyla not currently associated

with methylamine metabolism.

7.4 Key processes of the nitrogen cycle in Movile Cave

7.4.1 Nitrifiers are active, but not dominant, primary producers in Movile Cave

Results presented in Chapter 6 revealed that nitrifiers are active in Movile Cave but may not
be the dominant primary producers. While *CO, / NH," SIP incubations failed to identify any
active autotrophs due to insufficient **C-labelling of DNA, the results obtained from nitrifying
enrichments and amoA gene surveys confirmed both the presence and activity of ammonium
oxidisers in Movile Cave (supporting results from *CO, / NH," SIP enrichments by Chen et

al., 2009). Both bacterial and archaeal amoA genes were identified and preliminary PCR-
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based results suggested that there is a niche separation between the two groups, with bacteria
dominating in the floating mats, and archaea thriving in the water, where lower NH;"
concentrations were measured. While no nitrite oxidisers were detected using nxrB primers,
Nitrospira was detected by 16S rRNA gene based DGGE of **CO, / NH,* SIP enrichments.

The relative contribution of nitrifiers to primary production in Movile Cave will
require further studies; however, preliminary results from this PhD project suggest that sulfur
oxidisers, and not nitrifiers, are the dominant autotrophs in Movile Cave: 16S rRNA gene
sequencing of DGGE bands from *CO, / NH,* SIPs revealed only one nitrifier-related
sequence (Nitrospira) along with many sequences of sulfur oxidizers. For future experiments,
high throughput sequencing analysis of enriched DNA might provide a higher resolution than
DGGE and detect additional sequences. Even though nitrifiers appear to be less abundant than
sulfur oxidisers, their contribution to the food web may still be important, both in their
contribution to CO, fixation, and in providing NO3" to the system, which may even be used an
electron acceptor by anaerobic sulfur oxidisers. For future SIP experiments, it may be
advisable to adjust the amount of *CO, added to the incubations based on the amount of
biomass present. In addition, the coupling of expression-based studies to process-based
experiments will be useful for a better understanding of the contribution of nitrifiers to

primary production and nitrogen cycling in Movile Cave.

7.4.2 N, fixation

While PCR surveys of nifH genes revealed a diversity of bacteria with the genetic potential to
fix N, process-based studies performed in this PhD did not give any indication for
nitrogenase activity in Movile Cave samples. This is in contrast to reported N fixing activity
in floating mats from Frasassi (Desai et al., 2013), a sulfur-driven cave ecosystem with
standing NH," concentration similar to those measured in Movile Cave (Sarbu et al., 2002). It
may be worth complementing the results obtained from acetylene reduction assays with gene

expression studies.

7.4.3 Anaerobic nitrogen respiration

Confirming results from past studies, PCR surveys of key genes for denitrification (nirS and
nirK) revealed a diversity of organisms with the genetic potential to denitrify. Similarly,
16S rRNA genes related to anammox-associated planctomycetes were present in the anoxic
sediment. Process-based studies hinted at activity of both processes (with denitrification being
dominant) but were of a preliminary nature and need to be consolidated.
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7.5 Future studies

7.5.1 Methodological considerations

The combination of SIP and cultivation proved very effective for the identification of
methylotrophs. SIP enrichments allowed identification of methylotrophs not obtained by
cultivation: While resisting all isolation attempts, M. mobilis was the first organism that
responded to addition of MMA at 96 hours in SIP incubations. Additionally DNA-SIP
uncovered potential new methylotrophs not previously associated with methylated amine
metabolism: Porphyrobacter, Altererythrobacter and Cupriavidus. On the other hand, growth
studies were essential in consolidating DNA-SIP results and confirming Catellibacterium as a
novel methylotroph and active MMA-utilising bacterium in Movile Cave. The benefit of
analysing SIP enrichments at different time points is highlighted by the shift observed in the
methylotrophic community during incubation (while early time points were dominated by M.
mobilis, this organism gave way to a diverse community of known and novel methylotrophs at

later time points), avoiding the issue of only detecting the fastest-growing organisms.

DGGE, when compared to amplicon pyrosequencing is a relatively low resolution
profiling technique. However, the DGGE technique enabled the accurate comparison of SIP
enrichments across different CsClI gradient fractions (heavy to light) and also to compare **C-
incubations to **C-incubated controls. DGGE fingerprinting thereby allowed the identification
of key players in the microbial food web. Building on data obtained in this study, high
resolution community profiling involving pyrosequencing of amplicons can be carried out in

the future.

At the time of the SIP experiments, no robust method was available for accurately
measuring concentrations of methylated amines. In future SIP experiments, the recently
developed ion chromatography method for measuring methylated amines down to a detection
limit of 1 uM (Lidbury et al., 2014) can be used to monitor substrate consumption and select
SIP time points accordingly, which will enable a more accurate monitoring of the change in
the microbial community in connection with potential cross-feeding of methylated amines

down the food chain.

Unlike SIP enrichments with methylated amines, the DNA-SIP technique failed to
identify active autotrophs in **CO, / NH," SIP incubations due to insufficient **C-labelling of
DNA. DNA-based SIP may not have been sensitive enough in this case due to high amounts
of intrinsic CO,. These experiments need to be revisited; a determination of the amounts of
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biomass and intrinsic CO, present in the samples may be helpful in order to adjust the amount
of 1*CO, added to the incubations, and RNA-SIP may be a better option. Pre-incubation of the
samples may also be helpful (as indicated by successful **C-labelling in initial DNA-SIP
experiments with 3CO, by Chen et al., 2009). As a further point, future SIP experiments
would benefit from more replication, provided that sufficient sample material is present at
time of sampling.

Finally, more thorough chemical measurements of the water and floating mats inside
Movile Cave along with process-based measurements could give a better understanding of the
carbon and energy sources available and their turnover in the microbial foodweb in Movile
Cave, allowing setting up experiments accordingly. While SIP experiments were valuable in
identifying active methylotrophs present in Movile Cave, it is important to remember that
these results are based on laboratory enrichments and may not necessarily reflect the
microbial key players in the in situ communities. Given that most of the methylotrophs
identified in in this PhD are facultative in their use of C; compounds, knowledge of the
dissolved organic carbon concentrations in Movile Cave could provide important information

on the role of methylated amines as carbon sources for future studies.

7.5.2 H,oxidation and anaerobic processes in Movile Cave

In addition to methane, sulfur and ammonium, H, may be an important electron donor
in Movile Cave, both for aerobic and anaerobic processes. H, is produced in large amounts
during anaerobic degradation of organic matter, and a physiologically wide range of bacteria
and archaea, both aerobic and anaerobic, can use H, chemolithotrophically (Fuchs &
Schlegel, 2007). Hydrogenotrophs are often facultative chemolithoautotrophs and may be
potential primary producers in Movile Cave. Hydrogenotrophs include species of Paracoccus,
Ralstonia and Hydrogenphaga (Fuchs & Schlegel, 2007). Several species of Hydrogenophaga
were identified in enrichments from floating mat samples (including no-substrate controls) in
this PhD.

As outlined in Chapter 1, processes in the anoxic regions of Movile Cave remain
largely unexplored. PCR-based surveys of nirS and nirK genes suggested a diversity of
organisms possessing dissimilatory nitrite reductase. However, to determine activity of
potential denitrifiers, more in depth process-based measurements and gene expression studies
are required. In addition to further exploring the anaerobic processes touched upon in this

PhD thesis (denitrification and anammox), it may be of interest to look more closely into the
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role of H, as an electron donor for anaerobic processes such as sulfate reduction,

homoacetogenesis and methanogenesis.

Considering the high amounts of methane in Movile Cave, and the fact that large parts
of the water and sediment are anoxic, a further process of potential relevance may be
anaerobic methane oxidation (linked to sulfate reduction, denitrification or reduction of
metals such as iron and manganese). The recent isolation of a methylated amine-utilising
methanogenic archaeon from Movile Cave raises the interesting question whether methylated
amines may also have a role as carbon and energy source for anaerobic microorganisms in the

cave.
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Supplementary Table S1 Gibbs free energies of formation (AG¢) used to calculate the

changes in Gibbs free enerqy (AG) of the reactions in Table 1.2 and sections 6.3.1 and 6.5.2

Substance AG{ (kI mol™) | AG" (kdJ mol™) | Reference
(pHO) (PHT)

O, (gas / agueous) 0/+16.4 0/+16.4 Noor et al., 2013
H,O -238.7 -157.6 Noor et al., 2013

H* 0 -39.8 Madigan et al., 2009
OH -237.6 -198.8 Madigan et al., 2009
NH," -79.3 +79 Noor et al., 2013
NO, -32.2 -32.8 Noor et al., 2013
NOs -108.7 -109.3 Noor et al., 2013

N (gas / aqueous) 0/+18.7 0/+18.7 Noor et al., 2013
CO; (gas / aqueous) -394 / -386 -394 / -386 Noor et al., 2013
CH, -34.4 +127.8 Noor et al., 2013
CH;0OH -175.3 -13.1 Noor et al., 2013
CH;3NH, (methylamine) +17.7 +220.4 Noor et al., 2013
(CH3),NH (dimethylamine) | +56.7 +340.5 Noor et al., 2013
(CH3)sN (trimethylamine) | +91.8 +456.7 Noor et al., 2013
C,H30; (acetate) -368 -246 Noor et al., 2013
C,H,40; (acetic acid) -394 -230 Noor et al., 2013

AG = ZAGf [products] ~ ZAGf [reactants]

Note: Most textbooks and available tables for AG; values list only AG{ and not AG{” for the
majority of substances. However, since pH7 is more relevant than pHO for the microbial
reactions listed in Table 1.2, AG” rather than AG® values were calculated, using AG{” values (for
aqueous substances) estimated based on component contributions (Noor et al., 2013), with the
exception of values for H" and OH™ which were not available from this source and were hence adopted
form standard tables (Madigan et al., 2009).

References:

Noor E, Haraldsdéttir HS, Milo R, Fleming RMT. (2013). Consistent Estimation of Gibbs Energy
using Component Contributions. PLoS Comput Biol 9: €1003098.
[DOI: 10.1371/journal.pcbi.1003098].

Madigan MT, Martinko JM, Dunlap PV, Clark DP. (2009). Brock Biology of Microorganisms, 12th

edition, Pearson Benjamin-Cummings, San Francisco.
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No-substrate controls ' p Methylamine SIP enrichments

Supplementary Figure Sla

Left: DGGE profiles of bacterial 16S rRNA gene fragments (341f-GC / 907r) from control incubations
of Movile Cave water with no added substrate after 48 hours (t=1), 96 hours (t=2) and 5 weeks (t=3).
Right: DGGE profiles of bacterial 16S rRNA gene fragments (341f-GC / 907r) from incubations with
3C-labelled and unlabelled (**C) MMA are shown for reference.

Abbreviations: MMA, monomethylamine.
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No-substrate controls

Supplementary Figure S1b: DGGE analysis of
16S rRNA gene fragments (341f-GC / 907r) of
no-substrate-control  incubations ~ for  SIP
experiments, indicating bands that were excised
from the DGGE gel and sequenced; red-coloured
circles indicate good-quality sequences; gray
circles indicate messy sequences (due to more
than one phylotype present in the DNA sample),
X indicates failed sequencing. For phylogenetic
affiliations of the sequences refer to
Supplementary Table S2 below (numbered from
top to bottom for each of the lanes).
t0=0h; tl =48 h; t2= 96 h; t3 = 5 weeks.

Supplementary Table S2 Phylogenetic affiliations of amplified 16S rRNA gene fragments (retrieved

from excised DGGE bands indicated above) of no-substrate-control incubations

Band on gel Closest GenBank relatives

Identity Accesion code

(from top) (%)

Lane 1 (t=0)

L1-1 Endosymbiont of deep-sea polychaete Osedax mucofloris 97 FN773289.1
Sulfurovum lithotrophicum strain ATCC BAA-797 96 CP011308.1

L1-2 Sphingomonadales (messy)

L1-3 Bacterium associated with marine nematode Eubostrichus 93 AJ319042.1
topiarius
Desulforhopalus singaporensis strain S'pore T1 93 NR_028742.1

L1-4 Rhizobiales (messy)

L1-5 Rhodobacterales (messy)

L1-6 Rhodobacter blasticus strain Ku-2 96 KC967307.1
Rhodobacter gluconicum 96 AB077986.1

L1-7 Xanthomonadales (messy)

L1-8 Clostridiales (messy)
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Supplementary Table S2 (continued)

Band on gel Closest GenBank relatives Identity  Accession

(from top) (%) code

Lane2 (t=1)

L2-1 Endosymbiont of tubeworm Ridgeia piscesae 96 JX570598.1
Arcobacter cryaerophilus 96 KJ364503.1

L2-2 Endosymbiont of deep-sea polychaete Osedax mucofloris 97 FN773289.1
Sulfurovum lithotrophicum ATCC BAA-797 96 CP011308.1

L2-3 Thiovirga sulfuroxydans SO07 99 NR_040986.1
Luteibacter rhizovicinus 1-O-2 88 AB272376.1

L2-4 Neisseriales (messy)

L2-5 Hydrogenophaga caeni EMB71 98 NR_043769.1
Hydrogenophaga atypica DT34-12 97 KC920941.1

L2-6 Vogesella perlucida CGB1 99 KJ522788.1
Vogesella mureinivorans 389 99 NR_104556.1

L2-7 Hydrogenophaga taeniospiralis isolate TOWS-122 99 LN650479.1
Hydrogenophaga carboriundus KRH_YZ 99 EU095331.1

L2-8 Rhodobacter blasticus HWS0448 97 LN835431.1
Rhodobacter gluconicum 95 AB077986.1

Lane 3 (t=2)

L3-1 (failed)

L3-2 Uncultured proteobacterium deep sea brine clone ATIntfcl_RS44 90 KMO018375.1
Nevskia terrae KIS13-15 86 NR_104525.1
Kushneria indalinina CG2.1 86 NR_115092.1

L3-3 Vogesella mureinivorans 389 94 NR_104556.1
Hydrogenophaga caeni EMB71 94 NR_043769.1

L3-4 Neisseriales (messy)

L3-5 Vogesella perlucida CGB1 99 KJ522788.1
Vogesella mureinivorans 389 99 NR_104556.1

L3-6 Hydrogenophaga defluvii hydl 99 AM942546.1
Hydrogenophaga atypica BSB 41.8 99 NR_029023.1
Hydrogenophaga taeniospiralis 1s010-15 99 AB795550.1

Lane 4 (t=3)

L4-1 Methylosarcina lacus LW14 98 NR_042712.1
Methylomicrobium agile ATCC 96 NR_116197.1

L4-2 Oleomonas sagaranensis HD-1 NR_115564.1

L4-3 Niveispirillum fermenti CC-LY736 99 NR_126263.1
Azospirillum irakense L-6 98 JF508370.1
Rhodospirillum centenum SW 98 CP000613.2
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Supplementary Figure S2a

Supplementary Figures S2a-c Phylogenetic affiliation of putative gmaS sequences from
Cyanobacteria and Actinobacteria derived from published bacterial genomes with alpha-, beta- and
gammaproteobacterial gmaS sequences. Proteobacterial sequences were derived from published
genomes, Movile Cave isolates and clone library sequences from Movile Cave (water and floating mat
samples) and UEA campus (soil and lake water); for a detailed view of proteobacterial sequences refer
to Figures 5.3; 5.12; 5.14 in main text. gInA sequences represent the outgroup. The tree was
established using the neighbour-joining method (1,000 bootstrap replicates) and the Poisson correction
method for computing evolutionary distances. The tree is based on alignment of 135 amino acids (total

deletion of gaps). All bacterial sequences refer to type strains (as listed on LPSN), unless strain names

are indicated.
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Supplementary Figure S2c (Detailed view of putative actinobacterial gmaS sequences)
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Bacterial metabolism of methylated amines and
identification of novel methylotrophs in Movile Cave
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Movile Cave, Romania, is an unusual underground ecosystem that has been sealed off from the
outside world for several million years and is sustained by non-phototrophic carbon fixation.
Methane and sulfur-oxidising bacteria are the main primary producers, supporting a complex food
web that includes bacteria, fungi and cave-adapted invertebrates. A range of methylotrophic bacteria
in Movile Cave grow on one-carbon compounds including methylated amines, which are produced
via decomposition of organic-rich microbial mats. The role of methylated amines as a carbon and
nitrogen source for bacteria in Movile Cave was investigated using a combination of cultivation
studies and DNA stable isotope probing (DNA-SIP) using '*C-monomethylamine (MMA). Two newly
developed primer sets targeting the gene for gamma-glutamylmethylamide synthetase (gmas), the
first enzyme of the recently-discovered indirect MMA-oxidation pathway, were applied in functional
gene probing. SIP experiments revealed that the obligate methylotroph Methylotenera mobilis is one
of the dominant MMA utilisers in the cave. DNA-SIP experiments also showed that a new facultative
methylotroph isolated in this study, Catellibacterium sp. LW-1 is probably one of the most
active MMA utilisers in Movile Cave. Methylated amines were also used as a nitrogen source by a
wide range of non-methylotrophic bacteria in Movile Cave. PCR-based screening of bacterial
isolates suggested that the indirect MMA-oxidation pathway involving GMA and N-methylglutamate
is widespread among both methylotrophic and non-methylotrophic MMA utilisers from the cave.

The ISME Journal advance online publication, 22 July 2014; doi:10.1038/ismej.2014.102

Introduction

Most ecosystems rely on phototrophic carbon fixa-
tion, or, in the absence of light, an external supply of
phototrophically-fixed carbon into the ecosystem.
Exceptions are deep sea hydrothermal vents, where
carbon is derived from chemosynthesis using energy
sources other than light (reviewed by Lutz and
Kennish, 1993; Van Dover et al., 2002; Campbell,
2006). Movile Cave, located near the coast of the
Black Sea in Mangalia, Romania, is an underground
cave system that has been completely sealed off
from the outside world for several million years
(Sarbu et al., 1996). Unlike other cave systems,
where dissolved and particulate organic carbon
enters the cave with meteoric waters from above,
the food web in Movile Cave is sustained exclu-
sively by non-phototrophic carbon fixation. Since its
discovery in 1986, Movile Cave has provided an
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excellent natural ecosystem to study a highly
unusual, light-independent, microbially-driven food
web (Sarbu et al., 1994; Sarbu and Kane, 1995; Sarbu
et al., 1996; Vlasceanu et al., 1997; Rohwerder et al.,
2003; Hutchens et al., 2004; Porter et al., 2009;
Chen et al., 2009). Movile Cave harbours rich and
diverse populations of cave-adapted invertebrates,
all of which are sustained by chemolithoautotrophic
microorganisms that thrive along the redox interface
created between the oxygenated atmosphere and the
high concentrations of reduced compounds such as
hydrogen sulfide (H,S) and methane (CH,) present
in the water (Sarbu and Kane, 1995). Microbial mats
composed of bacteria, fungi and protists float on
the water surface (kept afloat by CH, bubbles)
and also grow on the limestone walls of the cave
(Sarbu et al., 1994).

Methylotrophs are organisms capable of using one-
carbon (C1) compounds, that is, compounds lacking
carbon—carbon bonds, as their sole source of carbon
and energy (Anthony, 1982; Lidstrom, 2006;
Chistoserdova et al., 2009). In addition to CH,, C1
compounds such as methanol and methylated
amines are important carbon and energy sources
for a range of methylotrophic bacteria in Movile
Cave (Hutchens et al., 2004; Chen et al., 2009).
Methylated amines are typically associated with
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saline environments (Gibb et al., 1999; Fitzsimons
et al., 2006) where they are formed by the degradation
of glycine betaine and trimethylamine N-oxide,
osmolytes commonly found in marine organisms
(Barrett and Kwan, 1985; Lin and Timasheff, 1994).
There are fewer studies on the distribution of
methylated amines in terrestrial and freshwater
environments, although the dissolved organic nitro-
gen fraction as a whole is increasingly being recog-
nised as an important source of microbial nitrogen
nutrition (Berman and Bronk, 2003, Worsfold et al.,
2008). Generally, environments with high concentra-
tions of organic matter have a high potential for
dissolved organic nitrogen generation (Neff et al.,
2003). We hypothesise that in Movile Cave, degrada-
tion of the extensive, organic-rich microbial mats
produces large amounts of methylated amines, which
are used as growth substrates by certain microorgan-
isms that are the subject of this study.

Methylotrophs that use methylated amines as a
carbon source are phylogenetically diverse, ubiqui-
tous in the environment and often metabolically
versatile (for example, Bellion and Hersh, 1972;
Colby and Zatman, 1973; Levering et al., 1981;
Anthony, 1982; Bellion and Bolbot, 1983; Brooke
and Attwood, 1984; Kalyuzhnaya et al., 2006b;
Boden et al., 2008). New methylotrophs are still
being identified from a wide range of environments,
including genera not previously associated with
methylotrophy, and novel metabolic pathways (see
recent reviews by Chistoserdova et al., 2009;
Chistoserdova, 2011).

Methylated amines are also a nitrogen source for a
wide range of non-methylotrophic bacteria. While
utilisation of monomethylamine (MMA) as a bacter-
ial nitrogen source was reported over 40 years ago
(Budd and Spencer, 1968; Bicknell and Owens,
1980; Anthony, 1982; Murrell and Lidstrom, 1983;
Glenn and Dilworth, 1984), details of the metabolic
pathways involved have only recently been identi-
fied (Chen et al., 2010b).

The key intermediates in methylotrophic meta-
bolism are formaldehyde or formate, respectively, as
they represent the branching point at which carbon
is either oxidised further to CO,, or assimilated into
cell carbon. Carbon is assimilated from formalde-
hyde via the ribulose monophosphate cycle, or from
formate via the serine cycle (Anthony, 1982;
Chistoserdova et al., 2009; Chistoserdova, 2011). In
the metabolism of methylated amines, there are two
possible pathways for the oxidation of MMA
(Supplementary Figures Sla and b): In the well-
characterised, direct MMA-oxidation pathway, a
single enzyme oxidises MMA to formaldehyde,
releasing ammonium. In methylotrophic Gram-posi-
tive bacteria the enzyme responsible is MMA
oxidase, while in Gram-negative methylotrophs it
is MMA dehydrogenase (Anthony, 1982). PCR
primers are available for mauA (Neufeld et al.,
2007a), the gene coding for the small subunit of
MMA dehydrogenase. However, these primers do
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not detect all MMA-utilising bacteria. An alterna-
tive, indirect pathway oxidises MMA not to for-
maldehyde but to 5,10-methylenetetrahydrofolate
(CH,=THF) in a stepwise conversion via the
methylated amino acids gamma-glutamylmethyla-
mide (GMA) and/or N-methylglutamate (NMG)
(Latypova et al, 2010; Chistoserdova, 2011).
Although this pathway has been known since the
1960s (Kung and Wagner, 1969), the enzymes and
genes involved have only recently been charac-
terised (Latypova et al., 2010; Chen et al., 2010a):
MMA is converted to GMA by GMA synthetase
(gmaS), GMA is then converted to NMG by NMG
synthase (mgsABC), and finally to CH,=THF by
NMG dehydrogenase (mgdABCD). A variation of this
pathway is found in Methyloversatilis universalis
FAMS5, where gmasS is not essential for oxidation of
MMA to CH, = THF via NMG (Latypova et al., 2010).
Importantly, the GMA-/NMG-mediated pathway is
also found in bacteria that use MMA only as a
nitrogen (but not carbon) source (Chen et al., 2010b;
Chen 2012). In a recent study (Chen, 2012), PCR
primers targeting gmaS from marine Roseobacter
clade (MRC) bacteria were developed for the detec-
tion of MMA utilisers in marine environments,
highlighting the potential of the gmaS gene as a
biomarker for MMA utilisation.

The objectives of this study were to determine the
role of methylated amines as carbon and nitrogen
sources for microorganisms in Movile Cave, and
to identify active MMA utilisers in this unique
ecosystem using DNA stable isotope probing (DNA-
SIP) (Radajewski et al., 2000; Murrell and Whiteley,
2011). DNA-SIP has been successfully applied in the
study of methanotrophic and autotrophic commu-
nities in Movile Cave (Hutchens et al., 2004; Chen
et al., 2009). Time-course SIP experiments with **C-
labelled MMA were set up in order to monitor
changes in the methylotrophic community. Cultiva-
tion-based studies were also used to isolate and
characterise methylated amine-utilising bacteria
from the cave. The distribution of genes for the
GMA-dependent MMA-oxidation pathway in
Movile Cave microbes was examined using new
PCR primer sets developed to target gmaS from non-
marine bacteria.

Material and methods

Study site and sampling

Movile Cave near Mangalia on the coast of the
Black Sea is located in an area rich in hydrothermal
activity with numerous sulfurous springs and
lakes, as well as creeks bubbling with methane.
The cave consists of a network of passages,
including a dry, upper level and a lower level,
which is partly flooded by thermal sulfidic waters
(for a detailed cross-section of the cave see
Supplementary Figure S2). A small lake room
(ca 3m in diameter) is located between the dry
and the flooded sections of the cave, and two



air bells are located in the submerged region.
The temperature in the cave is a constant 21°C
(Sarbu and Kane, 1995). The atmosphere in the air
bells shows O, depletion (7-10% v/v) and is rich in
CO, (2.5% v/v) and CH, (1-2% v/v) (Sarbu and
Kane, 1995). The water contains H,S (0.2—0.3 mm),
NH, (0.2-0.3mmM) and CH, (0.02mm) and is
buffered by high amounts of bicarbonate from the
limestone walls at ~pH 7.4 (Sarbu, 2000). Dis-
solved O, decreases to less than 1 um after the first
few centimetres from the water surface, with the
deeper water being essentially anoxic (Sarbu,
2000). Methylamine concentrations in the cave
water were measured by our recently developed
ion chromatography method with a detection limit
of ~1pum for MMA (Lidbury et al., 2014). Pre-
liminary measurements carried out using this assay
suggested that the in situ concentration of MMA in
Movile Cave water is below the detection limit of
1 uM, which could indicate rapid turnover of MMA
by bacteria in the cave.

Water and floating mat samples for enrichment
and isolation experiments were collected from the
lake room and the two air bells in October 2009,
stored at 4°C in the nearby field station and
processed within 48h. Biofilm covering the
limestone walls of both air bells was scraped off
into sterile tubes. Similar samples for further
isolation experiments, SIP enrichments and
nucleic acid extractions were obtained from
Movile Cave in April 2010. Material for DNA
work was concentrated by centrifugation within
1h of sampling and frozen at —20°C for storage
until processing.

DNA-SIP with **C-MMA

SIP incubations were set up at the field station in
Mangalia, within 1h of sampling, using water from
Airbell 2. For each incubation, a 20ml aliquot of cave
water was added to a pre-sterilised 120ml serum vial
containing 50 pmol of labelled (**C) or unlabelled
MMA-HCI (dissolved in 0.2ml sterilised distilled
water). Control incubations with no added MMA
(referred to as ‘no-substrate controls’ from here on)
were also set up. All serum vials were immediately
sealed with a butyl rubber cap and an aluminium
crimping lid and incubated at 21°C in the dark.
Samples for £, (t=0 days) were prepared by centrifu-
gation of 20ml of cave water, discarding the super-
natant and freezing the pellet at —20°C. SIP
incubations and no-substrate controls were harvested
in the same way at time intervals of 48h (,), 96 h (t.)
and 4 weeks (t;). In future SIP experiments, the
recently developed ion chromatography method for
measuring MMA (see above, Lidbury et al., 2014)
could be used to monitor consumption of substrate
over time. From each sample, up to 1pg of total
extracted DNA was added to caesium chloride (CsCl)
solutions for isopycnic ultracentrifugation and
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gradient fractionation following published protocols
(Neufeld et al., 2007b).

Enrichment and isolation of methylated amine-utilising
bacteria from Movile Cave
Methylotrophic bacteria capable of using methy-
lated amines as a carbon and nitrogen source were
selectively enriched using MMA, dimethylamine
(DMA) and trimethylamine (TMA). Separate enrich-
ments were set up for each of the three substrates by
adding a final concentration of 1mwm substrate to
20ml cave water in sterile 120 ml serum vials. For
mats and biofilms, 2g sample material was placed
into 27ml serum vials and made up to a final
volume of 4ml with nitrogen-free dilute basal
salts (DBS) medium. DBS medium (modified after
Kelly and Wood, 1998) contained (per litre): 0.1g
MgSO, - 7H,0, 0.05g CaCl, - 2H,0, 0.11 g K,HPO,,
0.085 g KH,PO,, adjusted to pH 7. The medium was
supplemented with a vitamins solution as described
by Kanagawa et al. (1982) and 1ml of a trace
element solution (modified after Kelly and Wood,
1998) containing (per 1L): 50g EDTA, 11g NaOH,
5g ZnSO,- 7H,0O, 7.34g CaCl, 2H,0O, 2.5g
MnCl, 6H,O, 0.5g CoCl, 6H,O, 0.5g
(NH.)sMo,0., - 4H,0, 5g FeSO, - 7H,0, 0.2 g CuSO,
5H,0, adjusted to pH 6.0. After flushing the
headspace of each vial with N,, the headspace was
made up to a final concentration of 7% (v/v) O, and
3.5% (v/v) CO, to resemble the cave atmosphere.
Enrichments were incubated at 21°C in the dark.
After 4 weeks, 10ml (for water samples) or 4 ml (for
mat samples) of fresh DBS medium were added and
cultures were spiked with 20 mm MMA, 10 mm DMA
or 10mMm TMA. After amending the headspace as
previously, enrichment cultures were incubated at
21°C in the dark. When enrichments became turbid
(after a further 2 weeks), dilutions were spread onto
agar plates (DBS medium, 1.5% agar) containing
5mM MMA, DMA, or TMA as the only added carbon
and nitrogen source. Plates were incubated at 21 °C
in the dark until colonies became visible (2—10
days). In order to achieve isolation of a variety of
methylotrophs, individual colonies were examined
by microscopy and a selection of morphotypes was
transferred onto fresh plates containing the same
substrates as before. Cells were observed at x 1000
magnification in phase-contrast under a Zeiss
Axioskop 50 microscope (Carl Zeiss Ltd, Cambridge,
UK). Isolates were submitted to a series of transfers
on plates and microscopy was used routinely to
check purity before transferring individual isolates
into liquid media (containing 5 mm MMA, DMA or
TMA). Once grown in liquid (2-7 days), isolates
were transferred back onto methylated amine plates.
In a separate enrichment approach, non-methylo-
trophic bacteria capable of using methylated amines
as a nitrogen (but not carbon) source were isolated.
These enrichments were set up in the same manner
and using the same sample material as described

The ISME Journal



Methylamine metabolism in Movile Cave
D Wischer et al

above for the methylotrophs. In addition to 1 mm of
MMA, DMA or TMA, a mixture of alternative carbon
compounds (comprising glucose, fructose, succi-
nate, glycerol, pyruvate and acetate) was added to a
final concentration of 5 mwm. Isolates obtained in this
way were additionally tested for growth in liquid
medium containing no alternative carbon source to
detect any co-enriched methylotrophs, as well as in
liquid medium containing carbon sources but no
methylated amines to eliminate the possibility that
they might be fixing N, rather than using methylated
amines as nitrogen source.

DNA extraction and PCR amplification of bacterial 16S
rRNA genes

DNA from cave samples, SIP enrichments and
bacterial isolates was extracted as previously
described (Neufeld et al.,, 2007a). DNA from soil
and lake sediment samples retrieved from the
University of East Anglia campus (used for gma$S
primer validation, see later) was extracted using the
FastDNA SPIN Kit for soil by MP Biomedicals LLC
(Santa Ana, CA, USA). Bacterial 16S ribosomal RNA
(rRNA) genes from SIP enrichments were amplified
using primer set 341f-GC/907r (Muyzer et al., 1993;
Lane, 1991) for analysis by denaturing gradient gel
electrophoresis (DGGE). For cloning and sequencing,
bacterial 16S rRNA genes from isolates were ampli-
fied with primer set 27f/1492r (DeLong, 1992; Lane
et al., 1985).

Denaturing gradient gel electrophoresis (DGGE)
DGGE analysis of bacterial 16S rRNA gene fragments
was carried out as described by Neufeld et al.
(2007a) using the DCode Universal Mutation Detec-
tion System (Bio-Rad, Hercules, CA, USA). After
electrophoresis for 16 h at 60 °C and 80V, gels were
stained using SYBR Gold Nucleic Acid Gel Stain
(Invitrogen, Paisley, UK) and viewed under the
Bio-Rad Gel Doc XR gel documentation system
using Amber Filter 5206 (Bio-Rad). For gene
sequence analysis, well-defined DNA bands were
physically excised from the gel for re-amplification
using the same PCR conditions and primers
described above, followed by sequencing analysis
using primer 341f (Muyzer et al., 1993).

DGGE, when compared with amplicon pyrose-
quencing, is a relatively low resolution technique.
However, the DGGE technique enabled us to accu-
rately compare SIP enrichments across different CsCl
gradient fractions (heavy to light) and also to compare
"*C-incubations to "*C-incubated controls. This first
study on MMA degraders in Movile Cave thereby
allowed us to identify key players in the microbial
food web. Building on data obtained in this study,
more detailed studies involving pyrosequencing of
amplicons can be carried out in the future.

Functional gene PCR and development of gmaS primers
mauA genes were amplified using PCR primer set
mauAfl/mauArl (Neufeld et al., 2007a). Currently
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there is one gmaS PCR primer set available (Chen,
2012) which targets specifically the MRC. This PCR
primer set therefore may not detect gma$S from non-
marine bacteria. Three new gmaS PCR primers were
designed in this study, based on multiple alignment
of 34 gmaS sequences derived from (i) methylo-
trophic isolates confirmed to use the NMG-/
GMA-mediated pathway and (ii) bacterial genomes
published on the Integrated Microbial Genomes
(IMG) platform (Markowitz et al., 2010) of the
Joint Genome Institute (JGI) Genome Portal (http://
genome.jgi.doe.gov). Genomes were screened for
gmaS-related sequences using gma$S from Methylo-
cella silvestris as a query sequence (Chen et al.,
2010a). Corresponding full length sequences
included both gmaS and glutamine synthetase type
I (gInA) sequences, due to the high level of
sequence similarity between the two genes. In order
to identify genuine gmasS sequences, the gene neigh-
bourhood of all obtained sequences was manually
inspected for predicted neighbouring open reading
frames typically found adjacent to gmaS (genes
encoding NMG dehydrogenase and NMG synthase).
Confirmed gmaS sequences included many
sequences apparently mis-annotated as glnA. For
primer design, multiple sequence alignments of
chosen sequences were established with the Clustal
X program (Thompson et al., 1997) and viewed
using the GeneDoc software (Nicholas et al., 1997).
Because of their sequence similarity to gma$, a
number of gInA sequences were included in the
alignment in order to identify suitable primer-
binding regions specific only to gmaS (for a
complete list of all gmaS and gInA sequences used
for primer design, see Supplementary Table S1). The
resulting forward primer gmaS_557 f (5-GARGAYG
CSAACGGYCAGTT-3') was used in all cases, with
the reverse primers o_gmaS_970r (3'-TGGGTSCGRT
TRTTGCCSG-5) and B_y_gmaS_1332r (3'-GTAMTC
SAYCCAYTCCATG-5') being used to target the
gmaS gene of non-marine Alphaproteobacteria
and that of Beta- and Gammaproteobacteria, respec-
tively. Touchdown PCR protocols for gmaS amplifi-
cation were used as follows: for gmaS 557f/
o_gmaS_970r, an initial step at 94 °C for 5min was
followed by 10 cycles of denaturation at 94 °C for
45 s, annealing at variable temperatures for 45 s and
extension at 72°C for 1 min. In the first cycle, the
annealing temperature was set to 60 °C, and for each
of the nine subsequent cycles the annealing tem-
perature was decreased by 1°C. This was followed
by 30 cycles of 45 s at 94 °C, 45 s at 56 °C and 1 min at
72 °C, and a final extension time of 8 min at 72 °C.
For gmaS 557f/B_y _gmaS 1332r, a modification of
the first touchdown protocol was used; the anneal-
ing temperature was set to 55 °C in the first cycle and
decreased by 1°C for each of the nine subsequent
cycles. The first 10 cycles were followed by 35
cycles with an annealing temperature of 52 °C.

The primer sets were tested for their specificity by
(i) amplification and sequencing of gmaS sequences
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from genomic DNA of the following bacterial strains
known to use the indirect MMA-oxidation pathway:
Sinorhizobium meliloti 1021, Mesorhizobium loti
MAFF303099, Rhizobium leguminosarum bv. viciae
3841, Agrobacterium tumefaciens C58 and Pseudo-
monas fluorescens SBW25 (Chen et al., 2010b). For
further validation of the primers, gmaS was ampli-
fied from DNA extracted from (ii) MMA enrich-
ments from Movile Cave, (iii) fresh Movile Cave mat
and (iv) soil and freshwater sediment from a small
lake (the ‘Broad’) on the University of East Anglia
campus. gmaS-based clone libraries were con-
structed for (ii)—(iv) and a total of 30 clones were
randomly selected for sequencing.

DNA sequencing and phylogenetic analysis

DNA sequencing employed the Sanger method on a
3730A automated sequencing system (PE Applied
Biosystems, Warrington, UK). To determine approx-
imate phylogenetic affiliations, partial 16S rRNA
gene sequences were analysed with the Basic Local
Alignment Search Tool (BLAST) on the NCBI
GenBank database (Altschul et al., 1990). Amino
acid and nucleotide-based phylogenetic trees were
established using the MEGA5 program (Tamura
et al., 2011). The evolutionary history was inferred
by neighbour-joining (Saitou and Nei, 1987). For
nucleotide-based trees (Supplementary Figures 1a
and b), the evolutionary distances were computed
using the maximum composite likelihood method
(Tamura et al., 2004). For amino-acid-based trees,
the evolutionary distances were computed using the
Poisson correction method (Zuckerkandl and
Pauling, 1965). All positions containing gaps and
missing data were eliminated. Bootstrap analysis
(1000 replicates) was performed to provide confi-
dence estimates for phylogenetic tree topologies
(Felsenstein, 1985). Phylogenetic analysis of
gmas$ genes was carried out at the amino-acid level
(135—-250 amino-acyl residues).

Nucleotide sequence accession numbers

Nucleotide gene sequences obtained from this study
were deposited in the GenBank nucleotide sequence
database under the accession numbers KM083620—
KM083705.

Results

Active methylotrophic bacteria identified by DNA-SIP
with ?C-MMA

DNA-SIP enrichments with **C-labelled MMA were
set up from Movile Cave water in order to identify
active, methylotrophic bacteria capable of using
MMA as a carbon source. DNA was extracted from
microcosms enriched with **C-labelled and unla-
belled MMA after 48 h (t,), 96 h (t,) and 4 weeks (t,).
The bacterial communities in the microcosms were
investigated by DGGE analysis of bacterial 16S rRNA
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gene fragments. Comparison of DGGE profiles from
unfractionated DNA from the different time points
revealed a significant shift in the bacterial commu-
nity over time, which was similar between "*C-MMA
and "*C-MMA incubations (Figure 1).

For identification of active methylotrophs, DNA
extracted from all time points was subjected to
density gradient centrifugation and fractionation,
allowing separation of "*C-labelled DNA (contained
in heavy fractions) from unlabelled "*C-DNA (con-
tained in light fractions). Bacterial 16S rRNA gene
fragments were amplified from all DNA fractions
and analysed by DGGE and sequencing. Time point
t, (48h) did not show any significant enrichment in
3C-DNA and was therefore not further analysed.
DGGE analysis of heavy and light DNA fractions
from time points £, and t; (**C-MMA incubation)
revealed major differences in the community pro-
files of the heavy fractions (Figures 2a and c): A
single band dominated the heavy fractions at t,
(96 h, Figure 2a) but was absent at t; (4 weeks,
Figure 2c). Sequence analysis of the excised band
revealed that the sequence affiliated with
Methylotenera mobilis (99% identity), an obligate
methylotroph (Kalyuzhnaya et al., 2006a) known to
be abundant in Movile Cave from previous studies
(Chen et al., 2009). At t,, several different phylo-
types appeared in the heavy fractions of the "*C-
MMA incubation (Figure 2c), that is, a more diverse
bacterial community had incorporated the label
following extended incubation with MMA.

Bacterial 16S rRNA gene sequences from these
DGGE bands affiliated with well-characterised
methylotrophs such as Methylobacterium extorquens
(100% identity) and Methylovorus (97% identity to

13C-MMA

tl t2 t3

Figure 1 Denaturing gradient gel electrophoresis analysis of
bacterial 16S rRNA gene fragments in native (unfractionated) DNA
from incubations of Movile Cave water with *C-MMA (left) and
unlabelled MMA (right), after 48h (t1), 96h (£2) and 4 weeks (£3).
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a b c

Unfractionated
DNA

Fractions: F6 F7 F8 F9 F11 F12 t2 t3

Heavy DNA

Light DNA Heavy DNA Light DNA

Fractions: F6 F7 F8 F9 F10 F11

F11-1 Unc. y-Proteobacterium
F11-2 Hydrogenophaga sp.
F11-3 Hydrogenophaga sp.
F12-2 Acinetobacter Iwoffii

F7-1 Methylotenera sp.
F9-2 Hydrogenophaga sp.
F9-3 Agrobacterium / Rhodobacter

F7-1 Methylovorus sp.
F8-1 Porphyrobacter sp.
F8-2 Cupriavidus sp.

F8-3 Altererythrobacter sp.
F8-4 Catellibacterium sp.
F7-4 Methylobacterium extorquens

F10-1 Unc. y-Proteobacterium
F10-2 Oleomonas sp.
F10-3 Azospirillum sp.

Figure 2 Denaturing gradient gel electrophoresis analysis of bacterial 16S rRNA gene fragments in light and heavy DNA fractions from
C-MMA incubations of Movile Cave water after 96 h (a) and 4 weeks (¢) DGGE profiles of unfractionated DNA of both time points (b) are

shown for reference.

Methylovorus menthalis), but also included Catelli-
bacterium (98% identity to Catellibacterium caeni),
Cupriavidus (99% identity to Cupriavidus necator),
Porphyrobacter (99% identity to Porphyrobacter
neustonensis) and Altererythrobacter (99% identity
to Altererythrobacter epoxidivorans), none of which
have previously been reported to grow methylotro-
phically. The Catellibacterium sequence identified
from DGGE shared 98-100% sequence identity with
a novel organism subsequently isolated from Movile
Cave during this study (see below) and cloned 16S
rRNA gene sequences from '*C-labelled DNA from t,
(data not shown, refer to Supplementary Figure S3a).

The non-methylotrophic bacterial community co-
enriched in "*C-MMA incubations was investigated
by PCR-DGGE of 16S rRNA bacterial genes present
in the light fractions (**C-DNA). Light fractions
harboured a diversity of mostly heterotrophic
bacterial sequences (Figure 2a and b), namely
Rhodobacter, Acinetobacter, Azospirillum, Oleomo-
nas and Hydrogenophaga and a number of
sequences not closely related to cultivated repre-
sentatives (as little as 84—87% identity).

All bacterial sequences obtained from DGGE
bands in lanes loaded with heavy DNA (that is,
**C-labelled organisms) were exclusive to MMA
enrichments, and not seen in no-substrate controls
(data not shown). Two sequences detected in
the light fractions from MMA incubations
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(Acinetobacter and Azospirillum) also appeared to
be absent in the no-substrate controls, suggesting
that these bacteria may have been selectively
enriched due to their capability of using MMA as a
nitrogen source (but not as a carbon source, and so
their DNA was not labelled). One of these sequences
(Acinetobacter Iwoffi) did indeed correspond to a
bacterium isolated from Movile Cave in this study
with MMA as the only nitrogen source (see below).

Methylotrophic and non-methylotrophic isolates from
Movile Cave

To complement data from "*C-MMA-SIP experi-
ments, methylated amine-utilising bacteria were
isolated from different locations (lake room, Airbell
1 and Airbell 2) in Movile Cave. Methylotrophs were
isolated with DBS medium containing MMA, DMA
or TMA as sole added source of carbon, energy and
nitrogen. A selection of isolates differing in colony
and cell morphology was transferred into liquid
DBS medium containing the respective methylated
amine (to distinguish true methylotrophs from
organisms growing on agar). Seven methylotrophic
strains were isolated, identified based on 16S rRNA
gene sequencing analysis (Table 1, Supplementary
Figure S3a). The highest diversity of methylotrophs
was obtained on MMA enrichments (based on
morphology and 16S rRNA gene sequencing data),
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Table. 1 Growth of bacterial isolates from Movile Cave on methylated amines with and without added carbon

Isolates Phylogeny Identity Growth on methylated amines
(%) MMA +C DMA +C TMA +C MMA DMA TMA
Alphaproteobacteria
2W-7 Methylobacterium extorquens 100 + + + + + T
LW-13 Xanthobacter tagetidis 100 + + + + + +
A2-1D Paracoccus yeei 100 + + + + + +
2W-61 Paracoccus yeei 98 + —+ + + + +
2W-12 Aminobacter niigataensis 100 + + + + + +
LW-1 Catellibacterium caeni 99 + — + + + +
1M-11 Mesorhizobium loti 99 + + + + + T
A2-41x Shinella yambaruensis 98 + - — — NA NA
1W-5 Rhodobacter blasticus 96 + + + - — _
01 Oleomonas sagaranensis 98 + + — — — —
03 Oleomonas sagaranensis 99 + - — — — _
Gammaproteobacteria
1W-58 Acinetobacter johnsonii 100 + + + - - _
2W-62 Acinetobacter Iwoffii 100 + + - - — _
1W-57Y Pseudomonas oleovorans 99 + — - — _ _
Betaproteobacteria
A2-14M Zoogloea caeni 100 + + + - _ —

Abbreviations: C, carbon mixture; DMA, dimethylamine; MMA, monomethylamine; NA, not analysed; TMA, trimethylamine.
Carbon mixture consists of sucrose, glucose, fructose, glycerol, pyruvate and acetate. Carbon sources were supplied at 5 mm, nitrogen

sources at 1 mm.

while DMA and TMA enrichments were dominated
by Xanthobacter tagetidis (Padden et al., 1997).
Notably, no Methylotenera isolates were obtained
(even after using a variety of different cultivation
media which are commonly used for methylotrophic
bacteria, changing incubation conditions such as
temperature, pH, ionic strength of media and
dilution-to-extinction experiments), despite the
active role of this methylotroph in MMA metabo-
lism as determined by DNA-SIP results (see above),
and its apparent abundance in Movile Cave (Chen
et al., 2009). In addition to well-characterised
methylotrophs such as M. extorquens, two novel
methylotrophs were also isolated. A member of the
relatively new genus Catellibacterium (Tanaka et al.,
2004; Liu et al., 2010, Zheng et al., 2011; Zhang
et al., 2012), provisionally named Catellibacterium
sp. LW-1 was isolated from lake water enrichments
with MMA. 16S rRNA gene sequences relating to
this organism were also detected in heavy DNA
fractions from '*C-MMA enrichments (see above,
Figure 2c¢, Supplementary Figure S1b), indicating
that Catellibacterium may have a significant role in
the cycling of methylated amines in Movile Cave. In
addition, a new member of the genus Mesorhizo-
bium (a genus not currently known to contain any
methylotrophic species), was isolated from an MMA
enrichment set up with floating mat from Airbell 1.
All methylotrophic isolates were facultative, that is,
also able to use sugars or carboxylic acids for
growth. Notably, all methylotrophs could use all
three methylated amines as sole growth substrates,
with the exception of Catellibacterium sp. LW-1
which did not grow on DMA (Table 1).

In a separate experiment, heterotrophic bacteria
capable of using methylated amines as a nitrogen
but not carbon source were enriched and isolated
using the same sample material as above. MMA,
DMA or TMA were the only added nitrogen sources
in these enrichments and a mixture of sugars and
carboxylic acids were added as carbon and energy
source. A diversity of non-methylotrophic methy-
lated amine-utilising bacteria was obtained—in total
eight bacterial species, as determined by 16S rRNA
gene sequencing analysis (Table 1, Supplementary
Figures S3a and b). All of these isolates used MMA
as a nitrogen source, while only some could use
DMA and TMA (Table 1), suggesting that many lack
the enzymes for de-methylation of secondary and
tertiary methylated amines to MMA. None of the
isolates grew methylotrophically with MMA, DMA
or TMA. While all methylotrophic isolates obtained
in this study belonged to the Alphaproteobacteria,
non-methylotrophic MMA utilisers also included
Beta- and Gammaproteobacteria (Table 1). A. Iwoffi,
isolated from Airbell 2 water with MMA as a
nitrogen source, was also detected in '*C-DNA
fractions from MMA-SIP incubations (see above),
while not seen in control incubations without added
MMA. These results suggest that Acinetobacter (and
other non-methylotrophs) may have an active role in
the cycling of methylated amines in Movile Cave.

Development and validation of functional gene primer
sets targeting gmaS

The gene gmasS codes for GMA synthetase, the enzyme
catalysing the first step in the conversion of MMA to

o)
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CH,=THF in the recently characterised indirect
MMA-oxidation pathway (Latypova et al, 2010;
Chen et al., 2010a, 2010b). We selected gma$S as a
functional biomarker to assess the distribution of
this pathway among MMA-utilising bacteria. Since
currently available gmaS primers are specific to the
MRC (Chen, 2012), we designed two new primer sets
covering gmaS of non-marine bacteria. Suitable
primer regions were identified by alignment of
gmas$ sequences obtained from (i) isolates confirmed
to use the GMAS-/NMG-mediated pathway and (ii)
published bacterial genomes. Due to sequence
similarity between the two genes, a number of
glnA gene sequences were included in the align-
ment to enable identification of suitable gma$S
primer-binding regions not found in glnA.

Sequence alignment and establishment of nucleo-
tide-based and amino-acid-based phylogenetic trees
clearly separated gInA from gmaS genes and
revealed two distinct gmaS clusters dividing (i)
Alphaproteobacteria and (ii) Beta- and Gammapro-
teobacteria (Figure 3). The alphaproteobacterial
gma$S cluster was further split into two major
subgroups: ‘Group 1’ contained MRC-associated
sequences (in a separate sub-cluster), as well as
sequences belonging to soil and freshwater bacteria
from the orders Rhodobacterales and Rhizobiales,
while ‘Group 2’ contained only gmaS sequences
from non-marine bacteria of the orders Rhodospir-
illales,  Rhizobiales and  Sphingomonadales
(Figure 3). For primer design, sequences associated
with the MRC were removed from the alignment as
they were too divergent from the other sequences to
be targeted by the same primers. A common region
shared by all remaining gmaS sequences was used to
design the forward primer (gmaS_557f). Two
different reverse primers were designed for
Alphaproteobacteria (o_gmaS_970r) and Beta- and
Gammaproteobacteria (B_y_gmaS_1332r) because
no further region of sufficient similarity shared
by both groups could be identified (alignments in
Supplementary Figures S4a—c).

Specificity of these PCR primer sets was confirmed
by amplification and sequencing of gmaS$ from (i) five
bacteria known to use the gmaS-dependent pathway
(as specified in Material and methods) (ii) MMA
enrichments from Movile Cave (iii) Movile Cave
biofilm and (iv) soil and lake sediment from a
different environment (UEA campus; as described in
Material and methods). All PCR products obtained
were of the expected size, that is, ~410bp (alpha-
proteobacterial gmaS) and ~770bp (beta- and gam-
maproteobacterial gmaS). With DNA from MMA
enrichments, a slightly larger, second band was
obtained in addition to the gmaS$ product when using
557f/1332r. This gene fragment shared high sequence
identity with a viral coat protein and could not be
eliminated by using more stringent PCR conditions
due to extremely high similarity with the target gene
in the primer-binding regions. This alternative ampli-
fication product was restricted to Movile Cave
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enrichment DNA and was avoided by gel excision
of the gmaS band. All sequences obtained from
genomic DNA (i) and clone libraries (a total of 30
randomly selected clones from (ii), (iii) and (iv)) were
identified as gma$S (Figure 3, Supplementary Figure
S5), confirming specificity of the primers.

The gmaS sequences obtained from Movile Cave
DNA affiliated with gma$S from both methylotrophic
and non-methylotrophic bacteria—namely Methylo-
bacterium, Catellibacterium, Pseudomonas and
Acinetobacter (99—100% similarity, Figure 3)—iden-
tified by DNA-SIP and isolation work in this study.
A further sequence loosely affiliated with Methylo-
tenera, Methylovorus and Methylophaga (89-90%
similarity with all three genera). A final gmaS
sequence was related to gmaS from the methylo-
troph Hyphomicrobium (99% similarity) which had
not been detected by DNA-SIP or isolation.

Distribution of gmaS and mauA genes in Movile Cave
isolates

To assess the distribution of the direct and indirect
MMA-oxidation pathways in Movile Cave, bacterial
isolates were screened for the presence of mauA and
gmaS genes. While the mauA-dependent, direct
MMA-oxidation pathway is so far only known to
exist in bacteria using MMA as a carbon source (that
is, methylotrophs), the gmaS-dependent, indirect
pathway has recently been shown to also exist in
bacteria using MMA for nitrogen nutrition only (that
is, non-methylotrophs) (Chen et al., 2010b). Using the
gmas$ primer sets developed in this study, PCR and
sequence analysis of DNA from isolates revealed the
presence of gmaS in all eight non-methylotrophic
MMA-utilising bacteria and in all seven methylo-
trophic MMA utilisers (Table 2). Phylogenetic analy-
sis placed the retrieved gmaS sequences within the
alphaproteobacterial and the beta-/gammaproteobac-
terial clusters as expected. Interestingly however,
gma$S from Aminobacter, Paracoccus, Catellibacter-
jum, Mesorhizobium and Rhodobacter formed a
distinct subgroup within the Alphaproteobacteria,
separate from the other freshwater and soil group, and
separate from the marine group (Figure 3). mauA was
detected in addition to gmaS in four of the seven
methylotrophic isolates. These data indicate that the
gmaS gene is widespread among MMA-utilising
bacteria in Movile Cave.

Discussion

Methylated amine-utilising methylotrophs in Movile
Cave

The combination of SIP and cultivation proved very
effective for the identification of methylotrophs.
DNA-SIP results revealed M. mobilis as one of
the major MMA-utilising methylotrophs in Movile
Cave, which is in agreement with previous studies
which showed high abundance of this organism
(Chen et al., 2009). While resisting all isolation
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Table 2 Methylated amine metabolism and the presence of
functional gene markers in Movile Cave isolates

Isolate Methylated amines ~ Functional
used as genes

N-source C-source gmaS mauA

Alphaproteobacteria
1 Methylobacterium extorquens 2W-7 + + + +
2 Xanthobacter tagetidis LW-13 + + + +
3 Paracoccus yeei A2-1D + + + +
4 Paracoccus sp. 1W-61 + + - +
5 Aminobacter niigataensis 2W-12 + + + -
6 Catellibacterium sp. LW-1 + + + -
7 Mesorhizobium sp. 1M-11 + + + -
8 Shinella sp. A2-41x + - + -
9 Rhodobacter sp. 1W-5 + - + -
10  Oleomonas sp. O1 + - + -
11 Oleomonas sp. O3 + - + -
Gammaproteobacteria
12 Acinetobacter johnsonii 1W-6 + +
13 Acinetobacter Iwoffii 2W-62 + - + -
14  Pseudomonas sp. 1W-57Y + +
Betaproteobacteria
15 Zoogloea caeni A2-14M + - +

Overview of bacterial isolates from Movile Cave, their capability of
using methylated amines as a carbon (C) and/or nitrogen (N) source,
and presence of functional genes indicating the direct (mauA) or
indirect (gmaS) methylamine oxidation pathway.

attempts, at 96 h in SIP incubations M. mobilis was the
first organism that responded to addition of MMA.

The combination of cultivation-based studies and
SIP furthermore revealed that a new methylotroph,
Catellibacterium sp. LW-1, is an active MMA utiliser
in Movile Cave. Growth studies were essential in
consolidating DNA-SIP results and confirming
Catellibacterium as a novel methylotroph and active
MMA-utilising bacterium in Movile Cave. These
results also highlight the benefit of analysing SIP
enrichments at different time points.

Data from SIP enrichments also suggested that
Cupriavidus, Porphyrobacter and Altererythrobacter
might have a major role in methylotrophic MMA
utilisation alongside known methylotrophs such as
Methylobacterium and Methylovorus. While these
organisms were not isolated from the cave and have
hence not been tested for growth with methylated
amines, published genomes of some Cupriavidus/
Ralstonia species contain gmaS$S (refer to trees in
Figure 3, Supplementary Figure S5).

Use of methylated amines by non-methylotrophic
bacteria in Movile Cave

The large variety of bacterial isolates in Movile Cave
using methylated amines as nitrogen sources but not
as carbon sources is intriguing, considering the
relatively high standing concentrations of ammo-
nium present in Movile Cave water. It is possible
that ammonium-depleted areas exist within the
microbial mats where utilisation of MMA is advan-
tageous. The fact that nitrogen in the mat is isotopically
light while ammonium in the cave water is heavy
(Sarbu et al., 1996) could be explained by isotopic
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fractionation during ammonium assimilation and
nitrification. However, it may also indicate that a
nitrogen source other than ammonium is used. When
growing methylotrophically, some bacterial species
have been shown to use the nitrogen of MMA, even
when high ammonium concentrations are present
(Bellion et al., 1983). The high concentrations of
ammonium may even be partly due to the release of
excess nitrogen by bacteria using MMA as both a
carbon and nitrogen source.

Distribution of the gmaS gene and its use as a
biomarker

The newly developed PCR primers targeting gmaS
were successful in the detection of MMA-utilising
bacteria not covered by currently available primers
which target mauA-containing methylotrophs.
Results from functional gene screening of non-
methylotrophic Movile Cave isolates support
previous findings (Chen et al., 2010a) which showed
that the gmaS-dependent pathway is used by the
non-methylotroph  Agrobacterium  tumefaciens.
Taken together, these results suggest that the gmaS
pathway may be the major mode of MMA utilisation
in bacteria using MMA as a nitrogen, but not as a
carbon, source. Based on our results, the gmaS-
dependent pathway also appears to be present in the
majority of methylotrophic MMA-utilising bacteria.
The direct MMA dehydrogenase (mauA)-dependent
pathway, which was detected in a number of
methylotrophic isolates in addition to gmaS$, seems
to be restricted to certain groups of methylotrophic
bacteria. It will be interesting to understand how the
two pathways are regulated under different growth
conditions in organisms containing both.

Conclusions

Combining DNA-SIP and isolation studies, key
methylotrophs in Movile Cave were identified and
it was shown that methylated amines are important
intermediates in Movile Cave, serving as a source of
carbon, energy and/or nitrogen for a wide range of
bacteria. The GMAS-/NMG-mediated pathway
appears to be widespread among both methylo-
trophic and non-methylotrophic MMA utilisers and
newly developed primer sets targeting gmaS have
great potential as biomarkers for identification of
MMA -utilising bacteria.
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Discovered in 1986, Movile Cave is an unusual cave ecosystem sustained by in situ chemoautotrophic primary production. The cave
is completely isolated from the surface and the primary energy sources are hydrogen sulfide and methane released from hydrothermal
fluids. Both condensation and acid corrosion processes contribute to the formation of Movile Cave. Invertebrates, many of which
are endemic to Movile Cave, are isotopically lighter in both carbon and nitrogen than surface organisms, indicating that they derive
nutrition from chemoautotrophic primary producers within the cave. Here we review work on the microbiology of the Movile Cave
ecosystem, with particular emphasis on the functional diversity of microbes involved in sulfur, carbon and nitrogen cycling, and

discuss their role in chemosynthetic primary production.

Keywords: chemoautotrophs, methanotrophs, Movile Cave, nitrifiers, sulfur oxidizers

Introduction

Cave ecosystems are characterized by lack of light, nearly con-
stant air and water temperatures and relative humidity at near
saturation. They are considered to be challenging environ-
ments for microbes to colonize due to nutrient and energy lim-
itations. Usually the formation of cave systems results from the
seepage of meteoric surface waters into limestone structures
and the energy required for the formation of these caves is en-
tirely supplied by water, air, gravity and fauna from the surface
(Palmer 1991). Similarly, the biological communities within
these cave ecosystems are dependent on the flow of nutrients
and energy from the surface (Engel 2007; Forti et al. 2002).
A small percentage of the world’s caves are of hypogenic
origin, formed by ascending fluids. In this case, the energy
needed to dissolve the rock and support the biological com-
munities inhabiting the caves is supplied by ascending water
and gases (Forti et al. 2002). The geochemistry of hypogenic
caves differs depending on the origin of the rising waters, the
type of host rock and the temperature and composition of the
released gases. From a microbiological perspective, the most
interesting hypogenic caves are those with inputs of gases
such as hydrogen sulfide (H,S) and/or methane (CHy), which
could provide energy sources for microbial communities.

*Address correspondence to Prof. J. Colin Murrell, School of En-
vironmental Sciences, University of East Anglia, Norwich NR4
7TJ, United Kingdom; Email: j.c.murrell@uea.ac.uk

Color versions of one or more of the figures in the article can be
found online at www.tandfonline.com/ugmb.

Life sustained by chemosynthesis has been extensively stud-
ied using deep-sea hydrothermal vents as model ecosystems
(reviewed in Nakagawa and Takai 2008). Hydrothermal-vent
animals depend on the activity of microorganisms that derive
energy from the oxidation of inorganic compounds (H;S, H»)
or methane for the conversion of inorganic carbon from CO,
into organic matter. These chemoautotrophic bacteria and ar-
chaea form the base of the food web, with heterotrophic bacte-
ria, protists and invertebrates completing the trophic structure
of the ecosystem. Although deep-sea hydrothermal vent en-
vironments can represent unique ecosystems that depend on
energy sources other than light, they are not completely inde-
pendent from inputs of photosynthetically derived nutrients
produced higher in the water column.

Movile Cave, unlike other cave ecosystems, does not receive
significant inputs of meteoric water from the surface, mainly
due to layers of impermeable clays and loess that cover the
limestone in which the cave is developed (Forti et al. 2002). In
this review, we focus on the microbiology of the Movile Cave
ecosystem, particularly on sulfur, carbon and nitrogen cycling
and the role of microbes that act as the primary producers in
this unique ecosystem. It should be noted that microbiological
studies in Movile Cave ecosystem have primarily focussed on
microbial mat floating on the water in the cave.

Movile Cave

Movile Cave (www.gesslab.org) is located near the town of
Mangalia in Romania, a few kilometers from the Black
Sea (43.825487N; 28.560677E). Geologist Christian Lascu
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discovered the cave in 1986 when an artificial shaft, dug for
geological investigation created access to the narrow cave pas-
sages. Despite the lack of photosynthetically fixed carbon,
the cave hosts a remarkable diversity of invertebrates, such
as worms, insects, spiders and crustaceans (Sarbu 2000). Life
within the Movile Cave ecosystem is maintained entirely by
chemoautotrophy (Sarbu et al. 1996) an analogous system to
some deep-sea hydrothermal vents where chemoautotrophic
and methylotrophic bacteria make a substantial contribution
to primary production, which in turn support a variety of
macrofauna (reviewed in Campbell 2006; Dubilier et al. 2008;
Lutz and Kennish 1993).

Paleogeographical evidence suggests that some animal
species were trapped in Movile Cave as early as 5.5 million
years ago (Falniowski et al. 2008; Sarbu and Kane 1995). Over
time, these animals have become adapted to life in the dark
and 33 out of 48 invertebrate species observed are endemic to
Movile Cave (Sarbu et al. 1996). In comparison to deep-sea
hydrothermal vents, the Movile Cave ecosystem offers easier
access to an interesting model ecosystem to study food-web
interactions, primarily driven by chemoautotrophic primary
production and microbial biomass.

Movile Cave—Formation and Features

Movile Cave is formed from two major corrosion processes:
condensation corrosion by carbon dioxide (CO,) and acid
corrosion by sulfuric acid (H,SO4) (Sarbu and Lascu 1997).
Sulfuric acid corrosion that is active in the lower partially
submerged cave passages is a result of the oxidation of H,S
to H,SOy in the presence of oxygen from the cave atmosphere
(Equation 1). Sulfuric acid then reacts with the limestone walls
of the cave, causing accelerated dissolution and leading to for-
mation of gypsum (calcium sulfate dihydrate) deposits on the
cave walls along with release of CO, (Equation 2). This type of
corrosion is highly efficient and also promotes condensation
corrosion due to the release of large quantities of CO, (Forti
et al. 2002).

Condensation corrosion, a slower process compared to sul-
furic acid corrosion, affects the walls in the upper dry passages
of the cave and occurs when warm water vapour from the ther-
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mal waters ascends and condenses on the colder walls and ceil-
ings in the upper cave passages. Carbon dioxide from the cave
atmosphere dissolves in the condensate to form carbonic acid
(Equation 3), which dissolves the carbonate bedrock forming
bicarbonate (Equation 4) (Sarbu and Lascu 1997). Carbon
dioxide in the cave is released from limestone dissolution, the
biological oxidation of methane and heterotrophic respiration
processes. Due to the absence of H,S in the upper level of the
cave, no effects of sulfuric acid corrosion are encountered here.

H,S + 20, — H,SO,4 (sulfide oxidation) (1)
H,SO4 + CaCO; + H,O — CaSOy4---2H,0
+ CO, (sulfuric acid driven corrosion)  (2)
CO; + H,O — H;CO; (carbonic acid formation) (3)
H,CO3 4 CaCO3 — 2HCO3

+ Ca**  (condensation corrosion) 4)

Although the upper passages of the cave (approximately 200 m
long) are completely dry (as a consequence of the lack of
water infiltration from the surface), the lower level (approxi-
mately 40 m long) is partly flooded by hydrothermal waters,
which contain substantial concentrations of H,S (0.3 mM),
CH,4 (0.2 mM) and ammonium (NH4™) (0.3 mM) (Figure 2)
(Sarbu and Lascu 1997). The air bells (air pockets, shown in
Figure 1; Sarbu et al. 1996) present in the cave create an ac-
tive redox interface on the surface of the water in the cave
where bacteria in floating microbial mats oxidize the reduced
sulfur compounds, methane and ammonium from the water
using O, from the atmosphere. Consequently, macrofauna in
Movile Cave appear only to live in proximity to the microbial
mats within these air bells, while the upper dry nonsulfidic
cave passages are devoid of macrofauna (Forti et al. 2002).

Physicochemical Conditions in Movile Cave

The water flooding the lower level of the cave is of hydrother-
mal origin and high in H,S (0.2-0.3 mM), CH4 (0.02 mM) and
NH;* (0.2-0.3 mM), whereas oxidized compounds were not
detected (Sarbu 2000). The flow rate of the water is reported to

submerged part of the cave

Fig. 1. Cross-section of Movile Cave (taken from the PhD thesis of Daniel Muschiol). (©) Dr. Walter Traunspurger, University of
Bielefeld, Germany. Reproduced by permission of Dr. Walter Traunspurger, University of Bielefeld, Germany. Permission to reuse

must be obtained from the rightsholder.
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Fig. 2. Schematic representation of microbial carbon, nitrogen and sulfur cycling in Movile Cave. soxB gene encodes the SoxB
component of the periplasmic thiosulfate-oxidizing Sox enzyme complex; dsr4AB gene encodes for the @ and S subunits of the
dissimilatory sulfite reductase enzyme; nifH encodes for the nitrogenase reductase subunit; amoA encodes for the o subunit of
ammonia monooxygenase (both bacteria and archaea); nirS and nirK encodes for a copper and a cytochrome cd1-containing nitrite
reductase enzyme, respectively. pmoA encodes the o subunit of the particulate methane monooxygenase enzyme, mmoX encodes
the o subunit of the hydroxylase of the soluble methane monooxygenase enzyme and mxaF encodes the « subunit of the methanol
dehydrogenase enzyme. mauAd encodes for the small subunit of the methylamine dehydrogenase enzyme. gmaS encodes for the

gamma-glutamylmethylamide synthetase.

be 5 L per sec (Sarbu and Lascu 1997) and its physiochemical
properties are not affected by seasonal climatic changes (S.
Sarbu, personal communication, April 2011). The water is at
a constant pH of 7.4 due to the buffering capacity of the car-
bonate bedrock. Dissolved oxygen ranges between 9-16 uM
at the water surface and decreases to less than 1 uM after the
first few centimeters, with anoxic conditions encountered in
deeper water (Sarbu 2000).

The air temperature in the lower cave passage ranged from
20.7-20.9°C, and the temperature of the water is 20.9°C (Sarbu
and Lascu 1997) and the relative humidity ranges between 98
and 100% (Sarbu 2000). The air in the upper dry level of the
cave contains 20-21% O, and 1-2% CO,, yet the air bells in
the lower level contain only 7-10% O, up to 2.5% CO, and
1-2% (v/v) methane (Sarbu 2000). Hydrogen sulfide is found
in proximity to the air-water interface but not in the upper level
(Sarbu 2000). Extensive microbial mats composed of bacteria,
fungi and protozoa float on the water surface (kept afloat by
rising methane bubbles) and also grow on the limestone walls
of the cave (Sarbu et al. 1994a).

Since the discovery of Movile Cave, studies have provided
evidence that the ecosystem is isolated from the surface. Ra-
dioactive artificial nuclides *°Sr and '37Cs, which were released
as a result of the 1986 Chernobyl nuclear accident, have been
found in high concentrations in soil and in lakes surrounding
Movile Cave, as well as in the Black Sea and in sediments
of other caves but not within Movile Cave itself (Sarbu et al.
1996).

A Chemolithoautotrophic Ecosystem

In order to study chemolithoautotrophy in Movile Cave, mi-
crobial mat samples were incubated with '“C-bicarbonate.
This resulted in incorporation of radioactive carbon into
microbial lipids, providing the first evidence for chemoau-
totrophic carbon fixation at the redox interface (Sarbu et al.
1994b; Sarbu et al. 1996). Furthermore, activity of ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO), a key
enzyme of the Calvin cycle, was observed in homogenates
of microbial mat samples, as well as in lysates of bacteria
cells cultivated from cave water, supporting the hypothesis that
chemosynthate is being produced i situ (Sarbu et al. 1994b).
Stable isotope ratio analyses of carbon and nitrogen pro-
vided conclusive evidence that Movile Cave is a self-sustained
ecosystem dependent on chemoautotrophically fixed carbon
(for detailed discussion, refer to Sarbu et al. 1996).

Sulfur Metabolism

Sulfur-oxidizing bacteria, first described by Winogradsky
(1887), are a heterogeneous group of organisms sharing the
ability to oxidize reduced inorganic sulfur compounds, and
are distributed within the domains of Bacteria and Archaea.
A comprehensive overview of the biochemistry and molecular
biology of sulfur oxidation can be found in Ghosh and
Dam (2009). The Movile Cave ecosystem contains a high
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concentration of H,S and primary production is dominated
by sulfur oxidizing bacteria (Sarbu et al. 1996).

Sulfur-oxidizing bacteria (SOB) were the main focus of
early studies characterizing microbial diversity and activity
in Movile Cave (Rohwerder et al. 2003; Sarbu et al. 1994a;
Vlasceanu et al. 1997). Sarbu and colleagues (1994a), using
microscopic observations, identified Thiothrix and Beggiatoa-
like filamentous bacteria in the floating mat, and Vlasceanu
etal., (1997) isolated a Thiobacillus thioparus strain from cave
water samples and characterized this bacterium at both the
physiological and molecular level. Using most probable num-
ber (MPN) enumeration, Rohwerder and colleagues (2003)
showed that SOB that could use sulfur, tetrathionate and thio-
sulfate as energy sources, existed at up to 107 colony forming
units (CFU) per g mat and that sulfate reducers capable of
reduction of sulfate to H,S were also present in the microbial
mat.

Clone libraries targeting bacterial 16S rRNA gene se-
quences in microbial mat DNA revealed sequences related
to the 16S rRNA genes of Thiobacillus (Betaproteobacte-
ria), Thiovirga, Thiothrix, Thioploca ( Gammaproteobacteria)
and Sulfuricurvum ( Epsilonproteobacteria) (Chen et al. 2009).
Employing an identical approach, also using Movile Cave
mat DNA, Porter et al. (2009) reported similar results on
the diversity of SOB with retrieval of additional 16S rRNA
gene sequences related to Halothiobacillus and Thiomonas
(Betaproteobacteria and Gammaproteobacteria, respectively)
and Sulfurospirillum (Epsilonproteobacteria). Clone libraries
of soxB genes (encoding the SoxB component of the
periplasmic thiosulfate-oxidizing enzyme complex) revealed
the widespread distribution of soxB sequences from Alpha-,
Beta- and Gammaproteobacteria. The retrieved sequences were
closely related to the soxB genes of Thiobacillus, Methyli-
bium petroleiphilum (both belonging to Betaproteobacteria),
Thiothrix and Halothiobacillus (65% identity) belonging to
Gammaproteobacteria.

By targeting RuBisCO, specifically the form I green type
RuBisCO gene (cbbL) sequences, Chen et al. (2009) de-
tected sequences closely related (80 — 85% identity) to Ru-
BisCO gene sequences of Thiobacillus denitrificans and T
thioparus. DNA-stable isotope probing (SIP) (Dumont and
Murrell 2005; Radajewski et al. 2000) experiments using
3C-labelled bicarbonate showed that SOB from the Beta-
and Gammaproteobacteria (Thiobacillus, Thiovirga, Thiothrix,
Thioploca) were particularly active in assimilating CO, (Chen
et al. 2009).

Rohwerder and colleagues (2003) detected an extremely
acidophilic SOB, which is interesting considering the pH of the
water in Movile Cave is neutral. Based on a study in Frasassi
Caves (Galdenzi et al. 2008), Sarbu et al. (2002) reported pH
values of 3.8-4.5 on the surface of the microbial mats covering
the limestone walls in the remote air bells, suggesting that
not all of the sulfuric acid produced by SOB is immediately
buffered and indicating the possibility of ecological niches that
can be occupied by acidophilic bacteria in Movile Cave.

Rohwerder et al. (2003) also reported activity of faculta-
tively anaerobic SOB in Movile Cave, which were capable of
using nitrate (NOj;") rather than oxygen as an alternative elec-
tron acceptor, and which were present at the same levels as
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obligately aerobic SOB (107 CFU per gram dry weight of
mat), suggesting that both groups could contribute substan-
tially to the biomass produced. Chen et al. (2009) detected 16S
rRNA gene sequences related to Sulfuricurvum (Epsilonpro-
teobacteria), which can oxidize sulfur anaerobically (Kodama
and Watanabe 2004) in DNA extracted from Movile Cave
microbial mat, supporting the evidence for anaerobic sulfur
oxidation demonstrated by Rohwerder et al. (2003).

Endosymbiotic sulfur-oxidizing bacteria, living within in-
vertebrates, have been reported in various habitats, such as
deep sea hydrothermal vents and mangrove swamps (Distel
1998; Dubilier et al. 2008; Wood and Kelly 1989). Although
SOB benefit from sulfide, oxygen and CO, from the host,
the bacteria in turn supply organic compounds to the host
(Dahl and Prange 2006). Recently, Bauermeister et al. (2012)
reported the presence of Thiothrix ectosymbionts associated
with Niphargus species in Frasassi caves. It would be interest-
ing to look for the presence of symbiotic sulfur-oxidizing bac-
teria associated with higher organisms present in the Movile
Cave ecosystem.

Although less abundant than SOB, sulfate-reducing bacte-
ria (SRB) have been shown to be present in Movile Cave. They
appear to belong to a higher trophic level, using the organic
carbon released by SOB and other primary producers as the
electron donor (Rohwerder et al. 2003). Sulfate reducers in
sulfidic caves appear to fall mainly within the Deltaproteobac-
teria (Engel 2007). Sequences related to members of the family
Desulfobulbaceae have been found in Movile Cave in two in-
dependent 16S rRNA gene based clone library analyses (Chen
et al. 2009; Porter et al. 2009). Thus far, no Archaea capable
of oxidizing reduced sulfur compounds have been reported in
the Movile Cave ecosystem, or in fact from any other sulfidic
caves, probably due to the fact that most characterized Ar-
chaea that oxidize reduced sulfur compounds grow at elevated
temperatures (Chen et al. 2009; Engel 2007).

One-Carbon Metabolism—Methanotrophy
and Methylotrophy

Methanotrophs

Aerobic methanotrophy, the ability to use methane as a sole
carbon and energy source, is found in bacteria within the
phyla Proteobacteria and Verrucomicrobia. The biochemistry
and molecular biology of aerobic methane oxidation in
Bacteria has been extensively reviewed (Trotsenko and
Murrell 2008). Use of specific biomarkers targeting both
16S rRNA and key metabolic genes of methanotrophs to
infer phylogeny has also been reviewed (McDonald et al.
2008). Air bells within the Movile Cave contain methane and
oxygen and are therefore favourable environments for aerobic
methane-oxidizing bacteria.

Hutchens et al. (2004) using DNA-SIP experiments with
13CH,, identified active methanotrophs, belonging to both
the Alpha- and Gammaproteobacteria in Movile Cave wa-
ter and microbial mat. Based on analysis of 16S rRNA and
functional genes (pmoA and mmoX, encoding the active-site
subunit of particulate methane monooxygenase and soluble
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methane monooxygenase, respectively) it was shown that
strains of Methylomonas, Methylococcus and Methylocys-
tis/ Methylosinus had assimilated '3CH,. Sequences of non-
methanotrophic bacteria and an alga (Ochromonas danica,
based on 18S rRNA gene sequence analysis) were also re-
trieved from '3C-labelled DNA in heavy fractions, indicating
the possibility of non-methanotrophs cross-feeding on '3C-
labelled biomass or metabolites arising from the initial con-
sumption of '*CHy4 by methanotrophs.

Both 16S rRNA and mxaF (encoding the active-site sub-
unit of methanol dehydrogenase) clone libraries from the
heavy DNA ('*C-labelled DNA) contained sequences similar
to the extant methylotrophs Methylophilus and Hyphomicro-
bium, suggesting that these organisms had assimilated '*C-
methanol excreted by methanotrophs metabolizing '*CHy.
The extent of the contribution of methanotrophs to primary
production within the Movile Cave ecosystem is not known
and future research should focus on understanding their role
as primary producers. The possibility of anaerobic methane
oxidation (Knittel and Boetius 2009) occurring in Movile Cave
also warrants investigation in the future.

Other Methylotrophs

Methylotrophs utilize reduced carbon substrates that have no
carbon — carbon bond (eg methanol and methylated amines),
as their sole carbon and energy source (Chistoserdova et al.
2009). Enumeration studies by Rohwerder et al. (2003) re-
vealed methylotrophs in the floating mat at up to 10° CFU
per gram dry weight of mat. It is possible that these methy-
lotrophs can feed on methanol released by methanotrophs
during methane oxidation. Chen et al. (2009) retrieved soxB
and chbL sequences related to those of M. petroleiphilum, a
facultative methylotroph. Recently, Kalyuhznaya et al. (2009)
reported that methylotrophs within the Methylophilaceae, par-
ticularly some species of Methylotenera, require nitrate for
growth on methanol. Investigating the role of methylotrophy-
linked to denitrification within the Movile Cave ecosystem will
yield more insights into the interactions between the carbon
cycle and the nitrogen cycle in this ecosystem.

Chen et al. (2009) reported that the obligate methy-
lated amine-utilizing methylotroph Methylotenera mobilis
was present in high numbers, while Methylophilus and
Methylovorus were also detected. Similar studies by Porter
et al. (2009) also detected 16S rRNA gene sequences related
to the 16S rRNA genes of Methylotenera and Methylophilus.
Methylated amines are also a nitrogen source for a wide range
of nonmethylotrophic bacteria and the metabolic pathways
involved have been examined recently (Chen et al. 2010a,
2010c; Latypova et al. 2010). DNA stable isotope probing
experiments with 1*C-mono methylamine (CH3NH,) revealed
Methylotenera mobilis as a dominant methylotroph utilizing
CH;NHj; in Movile Cave mat samples, and also indicated the
presence of a novel facultative methylotroph which has now
been isolated and characterized (Wischer et al. unpublished).
As methylated amines can serve as both C and N source for mi-
crobial communities, a deeper understanding of the functional
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diversity of methylated amines utilizers in this ecosystem will
add vital information on nutrient cycling in Movile Cave.

Nitrogen Cycling

Over the past two decades, studies targeting microbial nutri-
ent cycling within the Movile Cave ecosystem have focused
largely on sulfur and carbon, whereas microbial nitrogen cy-
cling has received little attention. Although the nitrifiers were
not the major focus, results from the DNA-SIP based study by
Chen et al. (2009) implied that ammonia- and nitrite-oxidizing
bacteria might be important primary producers in the Movile
Cave ecosystem alongside sulfur- and methane-oxidizing bac-
teria. Although ammonium concentrations in the cave waters
are relatively high (0.2-0.3 mM), nitrate has not been detected
(Sarbu 2000). This could be due to a rapid turnover of ni-
trate by either assimilatory nitrate reduction or denitrification.
Facultatively anaerobic sulfur oxidizers, such as Thiobacillus
denitrificans, are known to use NOj™ as an alternative electron
acceptor for respiration in oxygen-depleted conditions (Claus
and Kutzner 1985).

Therefore sulfur oxidation linked to denitrification could
be an important process in Movile Cave. This hypothesis was
also supported by Rohwerder et al. (2003), who detected high
numbers of SOB in enrichments with thiosulfate and nitrate
incubated under anoxic conditions. Chen et al. (2009) also re-
ported retrieval of 16S rRNA gene sequences related to den-
itrifiers from the phylum Denitratisoma from DNA isolated
from Movile Cave mat samples.

Microbial N, fixation may be another significant process of
the nitrogen cycle in the Movile Cave ecosystem. The ability
to fix N is widespread among bacteria and archaea and many
bacteria present in Movile Cave are known N fixers (such as
Beggiatoa and Methylocystis) (Murrell and Dalton 1983; Nel-
son et al. 1982). However, reduction of N, to NH4* is highly
energy-consuming and generally carried out during nitrogen-
limited conditions (Postgate 1972). Although there are rela-
tively high standing concentrations of NH4 " in the cave water,
there may well be nitrogen-depleted niches within the micro-
bial mats where N, fixation could play a role. Process-based
N,-fixation measurements and assaying for nifH transcripts in
cave mat samples could determine whether N fixation occurs
in this ecosystem.

Archaeal Microbial Communities

Archaeal microbial communities are suggested to play an im-
portant role in nutrient recycling within cave ecosystems (Che-
lius and Moore 2004; Gonzalez et al. 2006; Northup et al.
2003). Over the years, the focus of research on microbial sys-
tems in Movile Cave has been on Bacteria whereas no in-depth
study has been performed on the contribution of Archaea to
nutrient cycling.

Recent results from Chen et al. (2009) revealed that the ar-
chaeal community in the Movile Cave (based on 16S rRNA
gene libraries) possessed some archaea that have been found in
deep-sea hydrothermal vents (originally shown by Takai and
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Horikoshi 1999) although no sequences related to ammonia-
oxidizing archaea (major nitrifiers in deep-sea hydrother-
mal environments), methanogens, sulfur-oxidizing archaea
or anaerobic methane oxidizing-archaea were found in their
study. It is essential to target Archaeal communities in future
experiments to determine if they play a significant role in C,
N and S cycling.

Also, it should be noted that in the few studies investi-
gating the microbiology of Movile Cave using cultivation-
independent techniques (Chen et al. 2009; Hutchens et al.
2004; Porter et al. 2009) mat and water samples were used,
while microbial communities in Movile Cave sediment remain
largely unexplored. The likely lack of oxygen as an electron ac-
ceptor in sediments suggests that alternative electron acceptors
such as nitrate, nitrite, sulfate, CO, and metals such as Fe?*
and Mn?>*, together with organic matter deposited from float-
ing mats, could be important in sediment and anoxic zones
of the cave water. In fact we have evidence for the presence
of methanogens in Movile Cave sediments, based on amplifi-
cation of the mcrA gene from DNA extracted from sediment
samples.

Whole Genome Sequencing of Microbial Isolates

Whole genome sequencing of microorganisms has provided
important insights into their genetic capacity and the plethora
of available microbial genome sequences enables us to perform
comparative genomics between organisms that might occupy
different ecological niches but perform the same function.
Whereas molecular ecology studies using genes (16S rRNA
gene and metabolic genes) as biomarkers reveal the phylogeny
of microbes in a complex ecosystem, efforts should also be
focussed on isolating new microorganisms.

Rapidly reducing sequencing costs will enable us to se-
quence the genomes of novel and interesting microbial iso-
lates, which will not only provide access to their genetic and
metabolic potential, but also the ability to design focussed
biochemical and physiological experiments based on the in-
formation from the genome sequence. We have isolated a
Methylomonas strain from Movile Cave mat samples and the
genome is being sequenced. This will provide a comprehensive
overview of its genetic potential and also allow us to compare
it with the genomes of Methylomonas species from other envi-
ronments.

Outlook: Microbial Community Composition Analysis
Using Next-Generation Sequencing Techniques

Next generation sequencing provides a new vista for molecular
microbial ecology research, allowing us to carry out a detailed
examination of microbial diversity in an ecosystem. Tremen-
dous progress has been made in understanding microbial sys-
tems by using either targeted gene sequencing (PCR-based
screen) or shotgun metagenomic sequencing that eliminates
any bias due to primer design and PCR (Gilbert and Dupont
2011).
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A preliminary small-scale metagenomic sequencing of
DNA from Movile Cave mat samples yielded approximately
960,000 sequences, with a mean length of 360bp. Analysis of
the metagenomic data using MG-RAST (Meyer et al. 2008)
assigned the sequences to annotated proteins (36.8%), un-
known proteins (33.7%) and ribosomal sequences (1.9%). Of
the annotated sequences, 96.5% were of bacterial origin, 1.8%
eukaryotic, 1.3% archaeal and 0.2% were viral sequences.
Phylum-level phylogenetic classification revealed that ~60%
of the total annotated sequences belong to Proteobacteria,
alongside bacteroidetes (12.1%) and firmicutes (7.6%). Inter-
estingly, nearly 3% of the total sequences retrieved were rep-
resentative of cyanobacterial sequences, which would not be
expected in a Movile Cave ecosystem devoid of light. In-depth
analysis of metagenomic data will yield better insights into
the functional diversity, genetic potential and role in nutrient
cycling of microbial communities in the ecosystem.

Using a combination of techniques such as SIP and metage-
nomic sequencing of '*C-labelled-DNA (Chen et al. 2008;
Chen and Murrell 2010; Chen et al. 2010b) we can reduce
the complexity of sequence information obtained and partic-
ular functional groups can be targeted. Using this approach,
a composite genome of Methylotenera mobilis was extracted
from the metagenomic sequences from Lake Washington sed-
iment DNA (Kalyuzhnaya et al. 2008). Similar strategies can
be used in Movile Cave to obtain genome information for
microbes that are difficult to isolate and cultivate in the labo-
ratory. Although metagenomic analysis provides us with infor-
mation about the genetic potential of the microbial communi-
ties within an ecosystem, use of metatranscriptomics (Moran
et al. 2013) and metaproteomics (Seifert et al. 2012) will allow
access to the transcriptomes and proteomes, respectively, of
the active microbial communities.

Although we do have a basic understanding of individual
communities e.g., SOB, methanotrophs, further research is
required to understand the trophic interactions between dif-
ferent microbial functional guilds in Movile Cave. Sediment
and anoxic water microbial communities remain largely un-
explored and questions, such as whether there is any biogenic
methane production or anaerobic methane oxidation, remain
unanswered. Next-generation sequencing, combined with a
suite of molecular ecology techniques and a concerted effort
to isolate novel organisms, will improve our understanding
of the functional diversity of the microbial communities and
allow us to study the contributions of different functional
guilds in maintaining this self-sustaining chemoautotrophic
ecosystem.
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