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Chapter One General Introduction

Introduction

Methane

Methane (CHy) is an important fossil fuel for households and industry, but also a
climate-affecting trace gas in the atmosphere (Forster et al., 2007; Houghton et al.,
1996). Methane shows a strong infrared absorption and the atmospheric methane
acts as a greenhouse gas, being 25 to 30 times more effective than carbon dioxide
(CO,) on 100 years-scale (Denman et al., 2007; Shindell ef al., 2009). Due to man-
made activity the concentration of methane in the atmosphere has raised
exponentially over the past 200 years. However, according to a recent report of the
Intergovernmental Panel on Climate Change, the rise in atmospheric methane
concentration had declined significantly during the last (2-3) years (Singh, 2011). It
is not clear if the decline rate is caused by a decrease in emission or an increase in
methane sink activity. Global warming is a worldwide concern and therefore it is
important to increase knowledge of the sources and sinks of methane.

About 70 to 80 % of the methane emitted to the atmosphere originates from
natural ecosystems (wetlands, ruminants, termites) and anthropogenic activities
(rice paddies, landfills, coal mining) (Table 1). This biogenic methane is produced
by methanogenic Archaea during decomposition of organic matter under anaerobic
conditions (Conrad, 2009; Etiope et al., 2011; Schink, 1997; Thauer, 1998). The
other 20 to 30 % is the result of thermal decomposition of organic matter (> 80 °C)
within the Earth's crust (Conrad, 2009; Etiope & Klusman, 2002; Etiope et al.,
2011). This (geological) methane is emitted to the atmosphere from geothermal

areas like seeps, mud volcanoes, mud pots and fumaroles.

Pictures (previous page). The Solfatara volcano located at Pozzuoli near Naples
(southern Italy). Left-top, overview of the Solfatara; left-bottom, Dr. Arjan Pol is
sampling the fangaia; right, fumarole with metal sulfide precipitates. Pictures by Dr.
Arjan Pol.
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Chapter One General Introduction

Although methane emission from geothermal areas needs to be quantified more
accurately (Etiope & Klusman, 2002), these environments add 45 to 75 Tg methane
per year on the total emission of about 600 Tg methane per year (Castaldi &
Tedesco, 2005; Kvenvolden & Rogers, 2005). Fortunately, not all the methane
produced reaches the atmosphere, since a considerable part is oxidized by aerobic
and anaerobic methane-oxidizing bacteria, also known as methanotrophs (Table 1).
These microorganisms are assumed to be the major players in keeping the methane
balance on our planet.

Atmospheric methane, that has escaped methanotrophic oxidation, is mainly
oxidized in the troposphere by the hydroxyl radical (OH’), by far the major radical
in this part of the atmosphere, leading to the formation of carbon dioxide and water
vapor. In the presence of sufficiently high levels of nitrogen oxides (NO,), methane
oxidation with the hydroxyl radical leads to the formation of formaldehyde
(CH,0), carbon monoxide (CO) and ozone (O;). This reaction is responsible for
the removal of about 445 to 530 Tg methane per year, making the concentration of
hydroxyl radical the most important determinant of the rate at which methane is
removed from the atmosphere. About 30 Tg methane per year is removed through
dry soil oxidation due to the activity of aerobic methanotrophs and about 40 Tg
methane per year is transported to the stratosphere (Houweling et al., 1999; Khalil
& Shearer, 2000; Lelieveld ef al., 1998; Moss et al., 2000) (Table 1).

Recently it was shown that volcanoes are also acting as important methane sinks,
due to methane oxidation activity of aerobic verrucomicrobial methanotrophs.
These microorganisms were isolated independently from volcanic regions in Italy,
New Zealand and Russia (Dunfield et al., 2007; Islam et al., 2008; Pol et al.,
2007).

In this study the main focus will be on the biochemistry and physiology of
Methylacidiphilum fumariolicum SolV, one of those recently isolated aerobic

verrucomicrobial methanotrophs.

Khadem, A. F. (2012) 12
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Chapter One General Introduction

Methanotrophs
Anaerobic methanotrophs

Anaerobic oxidation of methane can be performed either by consortia of
methane-oxidizing Archaea and sulfate-reducing bacteria (Boetius et al., 2000;
Valentine & Reeburgh, 2000) or by nitrite-reducing bacteria (Ettwig et al., 2008;
Raghoebarsing et al., 2006). Table 2 gives an overview of sites where the
anaerobic oxidation of methane has been studied.

First geochemical evidence for sulfate-driven methane oxidation was derived
from profile analyses in anoxic organic-rich sediments (Barnes & Goldberg, 1976;
Martens & Berner, 1974; Reeburgh, 1976). However, the process stayed
controversial, because neither mechanism nor responsible microorganism could be
identified. In 2000 it was shown that consortia of anaerobic methanotrophic
Archaea and sulfate-reducing bacteria were performing the process in deep sea
environments (Boetius et al., 2000). Research progress from that time on is
excellently reviewed by Knittel & Boetius (2009).

The first report on nitrite-driven anaerobic methane oxidation (n-damo)
hypothesized a consortium with Archaea conducting reverse methanogenesis in
association with a denitrifying bacterial partner (Raghoebarsing et al., 20006).
Subsequently it was shown that the complete process could be performed by the
bacterial partner on its own (Ettwig et al., 2008). The dominant bacterium
responsible for the n-damo process belonged to the candidate division ‘NCI10’
(Rappe & Giovannoni, 2003). Its genome could be assembled from the
metagenome of an enrichment culture and the bacterium was tentatively named
‘Candidatus Methylomirabilis oxyfera’ (Ettwig et al., 2010). The n-damo process
follows a classical aerobic methane oxidation pathway (see also below) in the total
absence of externally supplied oxygen (O,) (Ettwig et al., 2010). It was
demonstrated that ‘Candidatus Methylomirabilis oxyfera’ has the unique ability to
produce intracellular oxygen through an alternative denitrification pathway.

Already quite some time circumstantial evidence exists for iron (III)-driven
anaerobic methane oxidation as a thermodynamically favorable process (Beal et
al., 2009; Sivan et al., 2007; Zehnder & Brock, 1980). Recently geochemical
evidence was published for this process in deep lake sediments being located below

Khadem, A. F. (2012) 15



Chapter One General Introduction

a depth of 20-cm, which is well below the depths where nitrate and sulfate are
available (Sivan et al., 2011). The process was further studied using iron (III)-
amended mesocosm studies with intact sediment cores.

Aerobic methanotrophs

The obligate aerobic methanotrophs form a unique group of microorganisms
among the methylotrophs. They utilize methane as sole source of energy and
carbon (Hanson & Hanson, 1996). So far within the bacterial phylum
Proteobacteria, 18 genera of aerobic methanotrophs have been described (Table 3).
These proteobacterial methanotrophs are further divided into two subphyla, the
Alphaproteobacteria and the Gammaproteobacteria (Table 3). The methanotrophic
members of the Alphaproteobacteria (also known as type Il methanotrophs), are
represented by two families, the Methylocystaceae and the Beijerinckiaceae. The
members of the Gammaproteobacteria (also known as type I methanotrophs), are
represented by the family Methylococcaceae.

The type I and II classification of methanotrophs is based on their cell
morphology, ultrastructure  (internal membrane structure), phylogeny
(Alphaproteobacteria versus Gammaproteobacteria), the dominant phospholipid
fatty acids (16C versus 18C) and the metabolic pathways used for biomass
production (ribulose monophosphate [RuMP] pathway versus serine pathway)
(Chistoserdova, 2011; Chistoserdova et al., 2009; Hanson & Hanson, 1996).
However, not all genera described fit into these classifications, e.g. Methylocella,
Methylohalobius and Methylovulum (Dedysh et al., 2000; Heyer et al., 2005;
Iguchi et al., 2011). Although in the past the terms type I and type II methanotroph
were preferably used, they now have become synonyms for Gammaproteobacteria
and Alphaproteobacteria, respectively (Op den Camp et al., 2009). So far the
family Methyolococcaceae of the Gammaproteobacteria harbors the most genera
of the proteobacterial methanotrophs, but not all the genera perfectly fit into this
family. The genera Methylohalobius and Methylothermus are classified in this
family, but analysis of the 16S ribosomal RNA and pmoA genes show that theses
microorganisms may not be monophyletic with this family (Heyer et al., 2005;
Tsubota et al., 2005). In addition the family Crenotrichaceae (with Crenothrix and

Clonothrix, two filamentous and sheathed microorganisms as the genera) is

Khadem, A. F. (2012) 16



Chapter One General Introduction

validated, but it is phylogenetically a subset of the Methylococcaceae (Op den
Camp et al., 2009; Stoecker et al., 2006; Vigliotta et al., 2007).

There are several detailed literature reviews available about the physiology and
ecology of the aerobic proteobacterial methanotrophs (Conrad, 1996; Dunfield,
2006; Hanson & Hanson, 1996; McDonald et al., 2008; Trotsenko & Khmelenina,
2002). These microorganisms are widespread in natural and man-made
environments such as fresh and marine waters and sediments, soils, landfills and
rice paddies where they typically consume 10-90 % of the methane produced by
methanogenic Archaea in the anoxic zones of these environments (Segers, 1998).

Aerobic methanotrophs are also found in symbioses with marine invertebrates
(the sponge Cladorhiza methanophila, tubeworms of the Siboglinum genus, the
hydrothermal vent snails Ifremeria nautilei and Alviniconcha hessleri, and deep-sea
bathymodiolin mussels of two genera, Bathymodiolus and Idas) at hydrothermal
vents and cold seeps in the deep Sea (Petersen & Dubilier, 2009 and references
therein). The methods applied to show that symbionts are methanotrophs included
ultrastructure analysis of the internal cytoplasmic membrane system, 16S
ribosomal RNA analyzed, activity assays with crucial enzymes of the methane
oxidation pathway and physiological experiments using labeled methane in whole
animals or tissues containing the methanotrophic symbionts. So far only type I
methanotrophs seems to be involved in the symbiosis with the marine
invertebrates. This may be caused by the efficiency of the pathway used for carbon
assimilation, the serine pathway used by type II methanotrophs being less efficient
(Leak et al., 1985). The marine invertebrate fully rely on their symbiont for most or
even all there carbon and energy needs, so it is advantageous to be in association
with type I methanotrophs. However, type II methanotrophs are found in
association with wetland plants (Raghoebarsing et al., 2005), which are autotrophs
and much less dependent for their organic carbon. In these associations, type II

methanotrophs supply the plant with up to 15 % of the cellular carbon.

Khadem, A. F. (2012) 17
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Chapter One General Introduction

The discovery of the aerobic verrucomicrobial methanotrophs

Most of the known genera within the aerobic proteobacterial methanotrophs are
mesophiles and neutrophils. Exceptions on that are the genera found in geothermal
springs (Methylothermus, Methylococcus and Methylocaldum), for which
temperatures of 45-58 °C for optimal growth was reported. In addition, there are
reports on mild acidophilic genera (Methylocystis, Methylocapsa, Methylocella and
Methyloferula), which are abundant in soil environments, such as peat bogs. These
microorganisms are capable of growth at pH values between 3.5 and 7.5 (Dedysh
et al., 2002; Dedysh et al., 2000; Dedysh et al., 2007; Trotsenko & Khmelenina,
2002; Tsubota et al., 2005; Vorobev et al., 2011) (Table 3).

A significant amount of methane consumption has been reported in geothermal
areas, characterized by high temperatures (50-95 °C) and a very low pH (below
1.8) (Castaldi & Tedesco, 2005). This pointed into the direction of methanotrophy
under more extreme conditions. This geological evidence was supported and
validated in late 2007 to early 2008, by three independent isolations in pure culture
of novel aerobic methane oxidizing bacteria from volcanic regions (Dunfield et al.,
2007; Islam et al., 2008; Pol et al., 2007) (Table 3). Inocula were obtained from the
Solfatara at Pozzuoli near Naples (Italy), Hell's Gate, Tikitere (New Zealand) and
the Uzon Caldera, Kamchatka, (Russia). Excitingly, based on 16S ribosomal RNA
gene sequences, all three isolates (strains SolV, V4 and Kaml) could be identified
as members of the Verrucomicrobia phylum and they belong to a single genus for
which the name Methylacidiphilum was proposed (Op den Camp et al., 2009) (Fig.
1). This was the first time that the widely distributed Verrucomicrobia phylum is
coupled to a geochemical cycle. Although environmental clone libraries show large
biodiversity in Verrucomicrobia and their presence in many ecosystems (soils, peat
bogs, acid rock drainage and landfill leachate) often in relative high numbers, most
members remain uncultivated and there physiology is poorly understood (Wagner
& Horn, 2006).
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Chapter One General Introduction

In addition to the several verrucomicrobial genome assemblies (van Passel ef al.,
2011) a complete genome sequence was published for Methylacidiphilum
infernorum strain V4 (Hou et al., 2008) and a draft genome was available for
Methylacidiphilum fumariolicum strain SolV (Op den Camp et al., 2009; Pol et al.,
2007). Initial analysis of Methylacidiphilum strains (V4, SolV and Kam1) showed
similarities, but also major differences with the proteobacterial aerobic
methanotrophs, e.g. distinct enzymes of the methane oxidation and carbon dioxide
fixation pathways (see below) (Table 3). The stacked membrane structures
characteristic for methanotrophs expressing particulate methane monooxygenase
(PMMO) were not observed in Methylacidiphilum strains with transmission
electron micrograph. Instead circular bodies of about 50-70 nm were observed
(Fig. 2). It was postulated that these circular bodies in Methylacidiphilum strains
may resemble carboxysomes or a novel subcellular compartments for methane
oxidation (Islam et al., 2008; Op den Camp et al., 2009). Carboxysomes are
compartments found in cyanobacteria and in limited numbers of chemoautotrophs
and thought to enhance the concentration of carbon dioxide for the enzyme
ribulose 1,5 bisphosphate carboxylase/oxygenase (RuBisCO), which has a low
affinity for carbon dioxide (Yeates et al., 2008).

Figure 2. (A) Transmission electron micrograph of type I (scale bar, 1 um) and (B)
type 1I (scale bar, 200 nm) proteobacterial acrobic methanotrophs, showing the disc-
shaped and the parallel membranes in these microorganisms, respectively. (C) In
Methylacidiphilum fumariolicum strain SolV circular bodies of about 50-70 nm were
observed (scale bar, 200 nm). Pictures were modified from Kip ez al. (2011) and Pol
et al. (2007).
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Chapter One General Introduction

Genome comparison:
proteobacterial versus verrucomicrobial methanotrophs

Energy metabolism in aerobic methanotrophs

The aerobic oxidation of methane proceeds according to equation 1. During this
oxidation, energy is obtained at the level of methanol (CH;0H), formaldehyde
(CH,0) and formate (CHOOH) oxidation (Chistoserdova et al., 2009; Hanson &
Hanson, 1996) (Fig. 3). In these reactions, electrons are transferred to a membrane-
bound electron transport chain via a pyrroloquinoline quinone cofactor to
cytochrome ¢ (methanol dehydrogenase) or NAD (in formaldehyde oxidation
systems and formate dehydrogenase). With oxygen as the terminal electron
acceptor, electron flow through the membrane produces a proton motive force that

is converted to the cellular energy carrier ATP by the ATPase enzyme complex.
1 CH4 + 2 O; > CO, +2 H,0 (AG® = —-773 KJ per mol CH,)
Enzymes involved in methane oxidation

Methane monooxygenase (MMO) catalyzes the first step in methane oxidation,
converting methane into methanol. Proteobacterial aerobic methanotrophs are
known to possess two distinct form of this enzyme; the soluble cytoplasmic form
(sMMO, NADH-dependent) and the particulate membrane-associated form
(PMMO, cytochrome ¢ dependent) (Figs. 3A and 3B) (Hanson & Hanson, 1996).
The pMMO is present in all genera of methanotrophs, expect for the Methylocella
silvestris BL2, Methylocella palustris gen. nov., sp. nov., and Methyloferula
stellata gen. nov., sp. nov., that only possess the sSMMO variant (Chen et al., 2010;
Dedysh et al., 2000; Vorobev et al., 2011). The soluble cytoplasmic methane
monooxygenase is only found in limited number of methanotrophs, in addition to
pMMO (Chistoserdova, 2011).

Proteobacterial aerobic methanotrophs contain multiple copies of pmo operons.
In both type I and type II proteobacterial methanotrophs two nearly sequence-
identical copies of pmoCABI are found (Murrell et al., 2000; Semrau et al., 1995).
It is thought that sequence-identical copies have arisen through gene duplications
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Chapter One General Introduction

and insertions. The requirement of both sequence-identical copies of pMMO was
demonstrated by mutation studies in Methylococcus capsulatus Bath (Stolyar et al.,
1999).

Methane (CH,) B
I
e | methanotrophs
\ v i
A RuMP pathway
Methanol (CH,OH) c
\
Formaldehyde (CH,0) D
\
Formate (HCOOH) E

Serine pathway
Type Il methanotrophs \

Carbon dioxide (CO,)

Figure 3. Established pathways for the oxidation of methane (black arrows) and
assimilation of formaldehyde (grey arrows) in type I and type II proteobacterial
aerobic methanotrophs (modified from Hanson & Hanson, 1996). The enzymes
involved in methane oxidation are indicated within the boxes. (A) The soluble
methane monooxygenase (sMMO). (B) The particulate methane monooxygenase
(pPMMO). (C) The methanol dehydrogenase (MDH). (D) The formaldehyde
dehydrogenase (FADH). (E) The formate dehydrogenase (FDH). The formaldehyde,
produced during the oxidation of methane can be assimilated via the serine pathway

or the ribulose monophosphate (RuMP) pathway.

The sequence-divergent copy of pmoCABI (pmoCAB2) was shown to be widely

but not universally distributed in type Il proteobacterial methanotrophs and is
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Chapter One General Introduction

absent in type I proteobacterial methanotrophs (Baani & Liesack, 2008). Recently
it was found that the genera of type I proteobacterial methanotrophs encode for a
new sequence-divergent pmo. Unlike the CAB order for pMMO and ammonia
monooxygenase (AMO) operon, it was encoded in the pxmABC operon
(Tavormina et al., 2011). The presence of sequence-divergent copies suggests
alternative physiological function under different environmental conditions.
Methylocystis sp. strain SC2 was shown to possess two pMMO isozyms, encoded
by pmoCABI and pmoCAB2 operons. The pmoCAB2 operon encoded pMMO,
oxidized methane at lower apparent K, (Baani & Liesack, 2008).

Based on the complete genome of M. infernorum strain V4 and the draft genome
of M. fumariolicum strain SolV, none of the genes encoding for the sMMO
subunits were found in these verrucomicrobial aerobic methanotrophs (Hou et al.,
2008; Op den Camp et al., 2009; Pol et al., 2007). However, three complete
pmoCAB operons were identified in these strains and an extra copy of pmoC. The
draft genome analysis for M. kamchatkense strain Kaml reveled orthologues of
each of the three pmo operons found in strains V4 and SolV, in addition to a forth
pmoCA operon (Op den Camp et al., 2009). Based on phylogenetic analysis of the
verrucomicrobial pmoA genes, high similarity was found between the genes
pmoAl, pmoA2 and pmoA3 of each strain and the pmoA4 of Kaml and they
represented a new branch, which is distinct from pmoA4 and amoA genes of other
cultured organisms (Op de Camp et al., 2009).

By using quantitative polymerase chain reaction (qQPCR), recently it was
demonstrated that pmoA2 in M. kamchatkense strain Kam1 was highly expressed,
and this expression dropped by factor of 10 when grown on methanol (Erikstad et
al.,2012).

Enzymes involved in methanol oxidation

Methanol dehydrogenase (MDH) is involved in the second step in methane
oxidation, converting methanol into formaldehyde (Fig. 3C). This enzyme was first
characterized in the proteobacterial methylotroph Methylobacterium extorquens
and was later detected in most of the methylotrophs (Chistoserdova, 2011 and
references therein). This enzyme consist of a large and small subunits encoded by

the mxaFI genes and requires pyrroloquinoline quinone as cofactor, and a
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Chapter One General Introduction

cytochrome c¢ electron accepter, the later encoded by mxaG gene. In addition this
enzyme requires calcium (Ca®") insertion to its active center. The accessory genes
mxaACKL are required for this insertion. Although the genes mxaRS are also
required for an active MDH, their function is still unknown (Chistoserdova, 2011
and reference therein).

MDH activity in the verrucomicrobial methanotroph M. fumariolicum strain
SolV could be demonstrated (Pol et al., 2007), but the gene cluster encoding this
enzyme in this strain and in M. infernorum V4 seems to be rather different
compared to proteobacterial aerobic methanotrophs. The mxaFJGIRSACKLDEHB
cluster, encoding MDH (Chen et al., 2010; Chistoserdova et al., 2003) was absent
and replaced by mxaFJG predicted along with the cluster pggABCDEF for
biosynthesis of the cofactor pyrroloquinoline quinone in these verrucomicrobial

aerobic methanotrophic strains (Hou et al., 2008; Op den Camp et al., 2009).
Formaldehyde oxidation pathways

Formaldehyde is an intermediate of the methane oxidation pathway and its
oxidation in methanotrophs is important for energy generation, but also to keep
intracellular formaldehyde concentrations at non-toxic levels (Chistoserdova,
2011). Methylotrophs are known to have variety of formaldehyde oxidizing
systems, which are nicely reviewed by Chistoserdova (2011). Formaldehyde
oxidation can be performed by single enzyme; the NAD or mycothiol-linked
formaldehyde dehydrogenases (FADH) (Fig. 3D) or by multienzyme cofactor
linked C1 transfer pathways. One of the most widespread pathways for
formaldehyde oxidation in  methylotrophs is the one requiring
tetrahydromethanopterin (H4MPT) as a cofactor and is encoded by at least 20 genes
(Chistoserdova et al., 2009). Another important pathway is the C1 transfer
pathway, requiring tetrahydrofolate (H,4F) as cofactor.

Based on available genome data of the verrucomicrobial methanotrophs (Hou et
al., 2008; Op den Camp et al., 2009; Pol et al., 2007) conversion of formaldehyde
in Methylacidiphilum strains (V4 and SolV) seems to be mediated by a H,F
dependent pathway or directly by formaldehyde dehydrogenase, which makes these
microorganisms the first fully sequenced methylotrophs to lack the H,MPT
pathway for formaldehyde oxidation.
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Formate oxidation

The last step in methane oxidation is the conversion of formate into carbon
dioxide by formate dehydrogenase (FDH) (Fig. 3E). Methylotrophs are known to
have more than one type of this enzyme. For example the methylotroph M.
extorquens have four different functional FDH enzymes; a tungsten-containing
FDH, a predicted molybdenum-containing FDH, a predicted cytochrome-linked
FDH that is likely periplasmic, and a novel type of FDH (Chistoserdova, 2011 and
references therein). Although, first it was thought that formate oxidation step is less
critical for methylotrophs, which oxidize formaldehyde via the RuMP pathway
(Anthony, 1982), later studies in RuMP pathway containing methylotrophs,
showed that this oxidation step is important (Hendrickson et al., 2010).

The genome data of the verrucomicrobial methanotrophs (strains V4 and SolV)
indicate that formate oxidation is probably conducted by NAD-dependent formate
dehydrogenase (Hou et al., 2008; Pol et al., 2007).

Carbon assimilation in aerobic methanotrophs

Carbon assimilation in proteobacterial aerobic methanotrophs takes place at the
level of formaldehyde (Chistoserdova et al., 2009; Hanson & Hanson, 1996). The
members of the Gammaproteobacteria (also known as type I methanotrophs), use
the RuMP pathway for the assimilation of formaldehyde to form glyceraldehyde-3-
phosphate as an intermediate of central metabolism (Fig. 3). Two key enzymes,
specific for RuMP pathway are required to enable this carbon fixation pathway;
hexulose-6-phosphate synthase and hexulose-6-phosphate isomerase, in addition to
the enzymes of glycolysis, pentose phosphate cycle and Entner-Doudoroff
pathways (Chistoserdova, 2011).

The members of the Alphaproteobacteria (also known as type II), use the serine
pathway, in which formaldehyde and carbon dioxide are utilized to produce acetyl-
coenzyme A for biosynthesis. Key enzymes that are typically measured to indicate
active serine pathway are hydroxypyruvate reductase and serine glyoxylate
aminotransferase (Chistoserdova, 2011).

Analyses of the available genome data of the verrucomicrobial methanotrophs

(strains SolV and V4) revealed that the key genes needed for an operational RuMP
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and serine pathways are absent. Instead, genes encoding for Calvin-Benson-
Bassham (CBB) cycle are present (Hou ef al., 2008; Op den Camp et al., 2009; Pol
et al., 2007). This suggests that these verrucomicrobial aerobic methanotrophs fix
carbon dioxide into biomass.

Although genome data of some proteobacterial aerobic methanotrophs (M.
capsulatus Bath, M. silvestris BL2) and the non proteobacterial aerobic
methanotroph ‘Candidatus Methylomirabilis oxyfera’ (Chen et al., 2010; Ettwig et
al 2010; Ward et al., 2004), also revealed the presence of RuBisCO, the key
enzyme of the CBB cycle, autotrophic growth in liquid cultures has not been
reported and any physiological evidence for an active CBB cycle in these

methanotrophs is lacking.

Nitrogen fixation in aerobic methanotrophs

In addition to the important role of methanotrophs in the carbon cycle (methane
oxidation), their ability to fix atmospheric nitrogen (N,) suggest there role in
nitrogen cycling in many environments (Auman et al., 2001). However the
coupling between methane and nitrogen cycles are not yet understood
(Kalyuhznaya et al., 2009; Murrell & Jetten, 2009). First it was thought that
nitrogen fixation is the property of only type II and the type I moderately
thermophilic Methylococcus strains (Oakley & Murrell, 1988). However, later on
genetic and biochemical evidence was provided to show that atmospheric nitrogen
fixation capabilities are broadly distributed among methanotrophs (Table 3). This
was done by demonstrating of both the presence of nifH gene fragments and
acetylene reduction activity in a variety of type I and type II strains of the
proteobacterial aerobic methanotrophs (Auman et al., 2001). Recently, it was also
demonstrated that the deep-sea anaerobic methane-oxidizing Archaea fix nitrogen
and share the products with their sulfate-reducing bacterial symbionts (Dekas et al.,
2009).

Genomic data of the verrucomicrobial methanotrophic strains (V4 and SolV)
indicated the ability of atmospheric nitrogen fixation like most proteobacterial
aerobic methanotrophs (Hou et al., 2008; Op den Camp et al., 2009).
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Aim & research questions

The discovery of M. fumariolicum strain SolV and the other verrucomicrobial
methanotrophs (strains V4 and Kaml) was a surprise to most microbiologists. It
has revealed that the ability of bacteria to oxidize methane is much more diverse
than has previously been assumed in terms of ecology, phylogeny and physiology.
These microbes may be significant players in geochemical carbon and nitrogen
cycling, and will harbor biochemically very exciting pathways. Taken together the
newly discovered extremophilic methanotrophs with their new metabolic features
are a good starting point for exciting and innovative research.

The aim of this thesis is to answer the question how M. fumariolicum strain SolV
is able to survive and live under the extreme conditions (acid, hot and low oxygen)
of its natural environment. Furthermore it was investigated which pathways are

used and how are they regulated.
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Approach & outline

This research was performed by using a complementary array of methods

including genomics, electron microscopy, mRNA analyses, and 13C—labeling , to
unravel the biochemistry and physiology of the novel extremophilic methanotroph
M. fumariolicum SolV in molecular detail. These combined approaches will
provide the basic understanding that is necessary to assess the environmental

importance of these microbes as a methane sink.

Chapter Two: Draft genome sequence of the volcano-inhabiting
thermoacidophilic methanotroph Methylacidiphilum fumariolicum strain SolV.
In this chapter the genome of M. fumariolicum strain SolV was sequenced, by
using next generation sequencing methods and finally presented as 109 contigs.
Based on the genome data the important pathways involved in carbon and nitrogen
metabolism were predicted.

Chapter Three: Nitrogen fixation by the verrucomicrobial methanotroph
Methylacidiphilum fumariolicum SolV.
In this chapter growth experiments both in batch and chemostat were combined
with nitrogenase activity measurements and phylogenetic analysis of the

nitrogenase to document N, fixation by M. fumariolicum SolV.

Chapter Four:  Autotrophic  methanotrophy in  Verrucomicrobia:

Methylacidiphilum fumariolicum SolV uses the Calvin-Benson-Bassham cycle
for carbon dioxide fixation.
In this chapter growth experiments were performed with *C-labeled methane or
BC-labeled carbon dioxide in batch and chemostat cultures to show that carbon
dioxide is the only carbon source for M. fumariolicum strain SolV during growth
on methane. This was further supported by a transcriptome study in which the
expression of all the genes necessary for a complete CBB cycle was shown. In
addition, a novel "°C stable isotope enzyme assay was developed to demonstrate
the activity of RuBisCO in strain SolV.
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Chapter Five: Genomic and physiological analysis of carbon storage in the
verrucomicrobial methanotroph “Ca. Methylacidiphilum fumariolicum” SolV.
In this chapter M. fumariolicum strain SolV was grown in fed-batch to study the
response of this microorganism upon ammonium depletion. The cells, which were
harvested at different time intervals during growth, were used for electron
microscopy, elementary analysis, and biochemical analysis of protein and glycogen
levels. Oxygen concentration in this culture did not support N, fixation.

Chapter Six: Metabolic regulation of “Ca. Methylacidiphilum fumariolicum”
SolV cells grown under different nitrogen and oxygen limitations.
Cells grown under different conditions are the basis for the transcriptome analysis
described in this chapter. Exponentially growing cells in bottles (methane, carbon
dioxide, oxygen and ammonium in excess), nitrogen-fixing cells in the chemostat
(no ammonium, and 0.5 % dissolved oxygen) and oxygen-limited cells in the
chemostat (with ammonium, methane and carbon dioxide in excess) were

compared with each other.

Chapter Seven: Summary & Outlook.
This chapter summarizes and gives several ideas about further studies to be done in
the future.
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Methylacidiphilum fumariolicum strain SolV
cells, obtained from transition phase I (Chapter Five).
These pictures were taken by Ahmad F. Khadem,

using an Axioplan 2 imaging phase contrast microscope.
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Chapter Two

Draft genome of
Methylacidiphilum fumariolicum SolV

A modified version of this chapter was published in:
Journal of Bacteriology 194, 3729-3730 (2012).

(Khadem et al., 2012) 35 J Bacteriol 194, 3729-3730
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Circular representation of the Methylacidiphilum fumariolicum SolV chromosome
(Mfum). Circles display (from the outside): (1) GC percent deviation (GC window-
mean GC) in a 1,000-bp window. (2) Predicted CDSs transcribed in the clockwise
direction. (3) Predicted CDSs transcribed in the counter clockwise direction. Genes
displayed in (2) and (3) are color-coded according different categories: red and blue:
MaGe validated annotations; orange: MicroScope automatic annotation with a
reference genome; purple: Primary/Automatic annotations. (4) GC skew (G+C/G-C)
in a 1,000-bp window. (5) rRNA (blue), tRNA (green), misc RNA (orange),
transposable elements (pink) and pseudo genes (grey).
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Draft genome sequence of the
volcano-inhabiting thermoacidophilic methanotroph
Methylacidiphilum fumariolicum strain SolV

Ahmad F. Khadem', Adam S. Wieczorek', Arjan Pol', Stéphane Vuilleumier?,
Harry R. Harhangi', Peter F. Dunfield’, Marina G. Kalyuzhnaya®, J. Colin Murrell®,
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Abstract

Methylacidiphilum fumariolicum SolV is a novel thermoacidophilic aerobic
methanotroph of the Verrucomicrobia phylum that was isolated from the central
mud pot of the Solfatara volcano near Naples, Italy. Here we present the draft
genome sequence of this strain, the second genome available from the cohort of
methane-oxidizing Verrucomicrobia. Genome sequence annotation has allowed
prediction of pathways for one-carbon (C1), nitrogen, and hydrogen catabolism and
respiration as well as the central metabolic pathways. The genome encodes three
orthologues of particulate methane monooxygenase and the inventory required for
nitrification and has led to new insights into methane cycling in volcanic

environments.

(Khadem et al., 2012) 37 J Bacteriol 194, 3729-3730
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Introduction

Methane oxidizing bacteria are a subset of the physiological group of
methylotrophs, and are unique in using methane (CH,) as carbon and energy source
(Hanson & Hanson, 1996). Until 2007 the phylogenetic distribution of the aerobic
methanotrophs was limited to the Alphaproteobacteria and Gammaproteobacteria
(Hanson & Hanson, 1996).

In late 2007 to early 2008, novel thermoacidophilic aerobic methanotrophs were
discovered in geothermal areas in Italy, New Zealand and Russia (Dunfield et al.,
2007; Islam et al., 2008; Pol et al., 2007). The isolation of these strains was
performed by the floating filter technique or by serial dilution using media
supplemented with soil extract. These methanotrophs represented a distinct
phylogenetic lineage within the Verrucomicrobia for which the genus name
Methylacidiphilum was proposed (Op den Camp et al., 2009). So far the genus
Methylacidiphilum is represented by three strains; M. fumariolicum strain SolV, M.
infernorum strain V4 and M. kamchatkense strain Kaml. The Methylacidiphilum
species have been shown to be well adapted to the harsh volcanic environment (Op
den Camp et al., 2009; Pol et al., 2007) in that they can thrive at very low methane
and oxygen concentrations and pH values as low as 1.

Environmental clone libraries show that there is a large biodiversity within the
Verrucomicrobia and representatives are encountered in many ecosystems like
soils, peat bogs, acid rock drainage and landfill leachate, often in relative high
numbers but having an unknown physiology (Wagner & Horn, 2006). However,
the verrucomicrobial methanotrophs were obtained in pure cultures and a complete
genome sequence was published for M. infernorum strain V4 (Hou et al., 2008).
This was for the first time that members of the verrucomicrobial methanotrophs
were shown to be involved in a geochemical cycle.

In this study a draft genome sequence of M. fumariolicum SolV is presented.
Together with the strain V4 genome, this will lead to new insights into methane
cycling in volcanic environments as well as non-proteobacterial methanotrophy

and nitrification.
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Materials & methods

Growth conditions & DNA isolation

Genomic DNA was extracted from an exponentially growing Methylacidiphilum
fumariolicum cell culture according to Juretschko et al. (1998).

The composition and preparation of the growth medium were described
previously (Khadem et al., 2010).

Genome sequencing & annotation

The high-quality draft genome of M. fumariolicum SolV was assembled from
Illumina and Roche 454 reads using CLCbio (http://www.clcbio.com) and manual
adjustments.

Auto-annotation was performed based on comparison to public databases using
the MicroScope platform (Genoscope, France, Vallenet et al., 2009).

The nucleotide genome sequence of M. fumariolicum SolV has been deposited
in the FEuropean Nucleotide Archive (ENA) wunder accession numbers
CAHTO01000001 to CAHT01000109.
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Results & discussion

Classification & features of Methylacidiphilum fumariolicum

The M. fumariolicum strain SolV used in this study was originally isolated from
the volcanic region Campi Flegrei, near Naples, Italy (Pol et al, 2007).
Classification and features of M. fumariolicum are presented in Table 1. Strain
SolV was able to grow with ammonium (doubling time 10 h), nitrate (doubling
time 17 h) or dinitrogen gas (doubling time 27 h) as nitrogen source (Khadem et
al., 2010; Pol et al., 2007). For biomass carbon, strain SolV fixes CO, via the
Calvin-Benson-Bassham cycle, with methane as the energy source (Khadem et al.,
2011).

Genomic properties

The genome was assembled into 109 contigs. The draft genome is 2.36 Mbp in
size with a GC content of 40.9 %, and was very similar to the genome of M.
infernorum strain V4 (Fig. 1). Auto-annotation identified 2283 protein-encoding
gene models. For 623 of these, full-length homologs (> 80 % identity at the protein
level) were located in the complete genome of M. infernorum V4, with 619 of them
organised in synteny in both strains. Synthetic pathways for tRNA of all 20 amino
acids were present together with a single rRNA operon.

Carbon metabolism

Genome sequence annotation has allowed prediction of genes involved in one-
carbon (C1) metabolism (Table 2). Key genes for the ribulose monophosphate
pathway and the serine cycle were absent. However, genes encoding the Calvin-
Benson-Bassham cycle enzymes were present. The genome encodes all three
central pathways: Embden-Meyerhof-Parnas glycolytic pathways, the pentose
phosphate pathway and the tricarboxylic acid cycle. Genes encoding keto-deoxy-
gluconate catabolism of the Entner-Doudoroff pathway were absent. Three
particulate methane monooxygenase operons (pmoCAB) were predicted, while

genes encoding a soluble methane monooxygenase were not found. The mxaF!
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genes encoding methanol dehydrogenase (Chen et al., 2010; Chistoserdova et al.,
2009) were absent, but a homologous xoxFJG gene cluster and a pggABCDEF
operon for the biosynthesis of the cofactor pyrroloquinoline quinone were detected.
HsMTP-linked Cl-transfer genes are not present. The HjFolate-linked pathway
inventory includes metF, folD and fifL genes. The genes mtdA, fch or purU were
not present. Genes encoding NAD-linked formate dehydrogenase (fdsABCD) were
identified (Oh & Bowien, 1998). Should the identified genes encoding acetate
kinase and acetyl-coenzyme A synthase prove functional, strain SolV may be able
to assimilate C2 compounds, and thus be physiologically classified as a facultative
methanotroph (Semrau et al., 2011). The presence of a hydrogenase gene cluster
points towards possible chemolithotrophic growth or the use of hydrogen to
provide reducing equivalents for methane oxidation (Hanczar et al., 2002). A
complex IV-type heme-copper oxidase gene cluster predicted the respiratory role

of a terminal cytochrome ¢ oxidase.

Nitrogen metabolism

Strain SolV was able to grow with ammonium, nitrate or dinitrogen gas as
nitrogen source (see above). Coincidentally, genes were predicted for direct
ammonium uptake (amtB) and assimilation (e.g. glutamine synthase, ginA;
glutamate synthase, g/¢B; alanine dehydrogenase, ald) as well as for urea
metabolism (urea hydrolase, ureABCDHF G; carbamoyl phosphate synthase, car4
and carB). As in most other methanotrophs, however, the urea cycle is incomplete
(i.e. lack of arginase; (Boden et al., 2011)). A full complement of genes for
dinitrogen fixation, nitrate/nitrate transport and assimilation was also found. In
addition, genes for nitrite reduction (nirK) and nitric oxide reduction (norB, norC),
were identified but the inventory to encode nitrous oxide reduction was missing.
Like in the genome of M. infernorum V4, a haoAB gene cluster encoding
hydroxylamine oxidase was identified, suggesting the capability of nitrification and
nitrosative stress handling (Nyerges et al., 2010; Nyerges & Stein, 2009; Stein &
Klotz, 2011).

(Khadem et al., 2012) 41 J Bacteriol 194, 3729-3730
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Table 1. Classification and general features of Methylacidiphilum fumariolicum SolV

Property

Term

Current classification

Site

Gram stain

Cell shape

Cell width x Length
Motility

Resting stages (cysts, spores)
Energy source
Oxygen requirements
Carbon source
Nitrogen source
Temperature range
Temperature optimum
pH range

pH optimum

Domain Bacteria

Phylum Verrucomicrobia
Order Methylacidiphilales
Family Methylacidiphilaceae
Genera Methylacidiphilum
Type strain SolV

Thermal mud pot, (fangaia) Solfatara, Italy (pH 1-2, 50 °C)

Negative

Rod-shaped

0.4-0.6 um % 0.8-2.0 um
Non-motile

Not observed

CHy,, with K of 6 uM
Aerobic, with K; of 0.7 uM
CO,

Ammonium, nitrate and N,
40-65 °C

55°C

0.8-5.8

2

Data were collected from Khadem et al. (2010), Khadem et al. (2011), Op den Camp et al.

(2009) and Pol et al. (2007).

(Khadem et al., 2012)

42

J Bacteriol 194, 3729-3730



0€LE-6TLE ‘P61 [oL21oDg [ (10T v 32 Wopeys|)

'SOLIEPUNOQ S1IU0D A} O]qUIISAI QWOUT JRIP AJOS Y} JO SOUI| Pl [BONMSA Y, "H A UTRNS wniouaful wnjiydip1ovjdyiopy
Jo owoudd 9)1o[dwod oy} Isurede ‘A[0S urens wmoijormwwmn wnjiydipovidyiapy Jo owoudd Jeip oy} Jo juowuly ] NS

ATOS urens umoyoLmwny wnjiydiplov]Aijjapy Jo SWous eI

—_ T =

OO)DOEE 00000 OO)DOEL 0 OO)00TL OOQDOEL 0 000008 000009 00000t OODD0E
YA UIRNS Wn01L1afil wnjuidip1ovjAiyjajy JO awouan

AJOS urens winojoripwnf wnjiydip1ovidyiapy Jo awouas yeiq om ] 101dey)



0ELE-6TLE ‘P61 [0112100g [

(10T 1 12 WApEY)

-a8ed 1xou uo spaoooid g o[qe],

0 68  S1008 [AWNJA vspf 9Seua30IpAYSp SJeUIO ]
0 7L 1S00IE TAWNJA Idypv oseua3oIpAyap [oyoore yuepuadap-uyz
201-01 X 6 T8 00061 [AWNIA [Xox/roxu urejoxd Surpurq orwserdrog
901-01 X T €8 €00061 TAWNYA DxoxHvxut urdjoxd AJrurey 0 QwoIyd0Ik)
0 96  S00061 [AWNIAN 866 1T JXOX/ XU aseua301pAYap [OUBYRN

0 88  10006L [AWNJA [gowd

0101 X T ¥6  TO006L TAWNIA STEIHIT [yowd
0101 X T €6 £€0006L [AWMN STEIYIT [Dowd [ oseusZAxoouour oUBON

0 €6 €000LL TAWNFA zgowd

0 66 Y000LL TAWNN STEIPI'L cyoud
901-0T X 6 96  10008L [AWNIA STEIYI'L Zooud T 9seudSAX00UOW SUBYISIN

0 I8  S0008% AWM cgowd

101 %9 L6 900087 [AWNIA gyowd
0 76 L0008y TAWNA coowd ¢ oseuddAxoouows QUBYIOIN

anjeA
-(7) paroadxyg % Auop]

YA Wn.ioulafur wnjiydip1onjdyapy 'OU UOISSI00. Joqunu (") H) swrey ouon sukzug

jsurede yoIeas J1Sv19

Juegquon

UOISSIWWO)) SWAZUY

AJOS wnonormwnf wnjydip1ov]Ayapy Jo wsoqed (D) Uoqied-ouo Jo souor) *g dqe L

AIOS urens wnonoruwnf wnjydip1onidyiapy Jo owoudd yerq

om] 1a1dey)



0ELE-6TLE ‘P61 [0112100g [ (T10T v 12 Wopeyy)

0 08 TEOOLI AWM €TLT ysd aseupy e10A[3oydsoyq
0 L6 6000L TAWNJA 6I°'T°LT ypn aseunjonquioydsoyd
0 06 T1€00LI TAWNJA A4 Dqqo aseua3oIpAyap areydsoyd-¢-opAyap[eIdoLin
1601 X € 16 LOOOL TAWNN 6€ T Ty §99° junqgns J[ews ase[Axoqied ajeydsoydsiq asonqry
0 86 9000L [AWNIA 6T 'Y 1992 jungns 931e] ase[Axoqres aeydsoydsiq asoynqry
_ o o 9Se[OIPAYO[IAD 9)B[0JOIPAYRIIAUIYIdW
0 €8  6C001T TAWNN 6V SE/STSI aiof JSEUABOIPAYOP IROJOIPAYLIIUSIATIO
0 ¥8  S000SL IAWNIA pD3s JSeIoJSULNOUIWE 9)e[AX0A[F-ouLI0g
go1- 01 X T SL 600008 TAWNYN 84 2se31[-0[04d 918[0JOIPAY LI AULIO}-G
0 78 8100TL TAWNA I'cre y43 9SBISJSUBIAYIOWAXOIPAY SULIDS
0 vL  LTOO0E AWM €r'e9 suyf OSESI] 9JB[0JOIPAYEIIO}-OJBUWIO ]
_ jungns
v 01 8 e ElLY LIt gonu eures 9seud3oIpAyap deurioy Juapuadap-qvVN
0 ¥6  1000S [AWNN [N ypf 9seuoS0IpAYIp 2jeULIO]
50T X € 89 91008 [AWNIA aspf 052U9F0IPAYDP B)EULIO]
0 +8 $1008 TAWNJN qspf 9seud30IpAYSp JeULIO]
anjeA P
o
() povoadxyg %0 AIUSP]
A wnioulafur wnjydiprovjdyiapy ‘0U UOISSIIL Ioqunu ("D)q)
oQweu oudn owAzug
jsurede yoIeas J1Sv19 Juegquan UOISSIWWO)) SWAZUY

(uonenunuoos) A[0S wnoljorivunl wnjydiprov]dyiapy 3o wsioqeiow (1)) U0QILd-0UO JO SOUIL) T J[qBL

AIOS urens wnonoruwnf wnjydip1onidyiapy Jo owoudd yerq om] 1a1dey)



Chapter Two Draft genome of Methylacidiphilum fumariolicum strain SolV

Conclusion

The information provided by the draft genome sequence of M. fumariolicum
SolV reported here will enable further transcriptomic and proteomic studies to
unravel the fascinating metabolism of these and related verrucomicrobial

methanotrophs.
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Nitrogen fixing chemostat culture of Methylacidiphilum fumariolicum strain SolV.
Picture by Ahmad F. Khadem.
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Nitrogen fixation by the verrucomicrobial methanotroph
Methylacidiphilum fumariolicum SolV

Ahmad F. Khadem', Arjan Pol', Mike S. M. Jetten' & Huub J. M. Op den Camp'

'Department of Microbiology, INWR, Radboud University Nijmegen, Heyendaalseweg 135, NL-6525 AJ,
Nijmegen, the Netherlands.

Abstract

The ability to utilize atmospheric nitrogen (N;) as a sole nitrogen source is an
important trait for prokaryotes. Knowledge on N, fixation by methanotrophs is
needed to understand their role in nitrogen cycling in different environments. The
verrucomicrobial methanotroph, Methylacidiphilum fumariolicum strain SolV was
investigated for its ability to fix N,. Physiological studies were combined with
nitrogenase activity measurements and phylogenetic analysis of the nifDHK genes,
encoding the subunits of the nitrogenase. M. fumariolicum SolV was able to fix N,
at low oxygen (O,) concentration (0.5 %, v/v) in chemostat cultures. This low
oxygen concentration was also required for an optimal nitrogenase activity [47.4
nmol ethylene h™' (mg cell dry weight) ']. Based on the acetylene (C,H,) reduction
assay and growth experiments, the nitrogenase of strain SolV seems extremely
oxygen sensitive compared to most proteobacterial methanotrophs. The activity of
nitrogenase was not inhibited by ammonium concentrations up to 94 mM. This is

the first report on physiology of N, fixation within the phylum Verrucomicrobia.
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Introduction

Biological N, fixation is essential to life. In this process nitrogen is taken from
its relatively inert molecular form (N;) in the atmosphere and converted into
ammonium according to the equation: N, + 8H" + 8¢~ + 16 ATP — 2NH; + H, +
16 ADP + 16 P; (Dixon & Kahn, 2004; Howard & Rees, 1996). The
microorganisms performing this process are known as diazotrophs and they
provide about 60 % of the annual nitrogen input into the biosphere (Newton, 2007).
Diazotrophs are found in the domains Bacteria and Archaea and their lifestyle
varies from free-living, loosely associated to symbiotic. The first methane-
oxidizing bacteria, or methanotrophs, capable of N, fixation were isolated in 1964,
referred to as Pseudomonas methanitrificans (Davis et al., 1964). Methanotrophs
form an important sink for the greenhouse gas methane but the coupling between
methane and nitrogen cycles is poorly understood (Murrell & Jetten, 2009).

The microbial oxidation of methane may be coupled to the reduction of sulfate,
nitrite or oxygen (Boetius et al., 2000; Hanson & Hanson, 1996; Raghoebarsing et
al., 2006). The oxygen-consuming obligate aerobic methanotrophs are widespread
in many natural environments (Conrad, 2009; Hanson & Hanson, 1996), where
they feed on the methane produced by methanogens in the anoxic zones of these
ecosystems. Until recently, all methanotrophs could be phylogenetically placed
into 13 genera, belonging to the Gammaproteobacteria (type 1) and the
Alphaproteobacteria (type 1) (Hanson & Hanson, 1996). However, in 2007, three
research groups independently described novel thermoacidophilic methanotrophs
isolated from geothermal areas in Italy, New Zealand, and Russia (Dunfield ef al.,
2007; Islam et al., 2008; Pol et al., 2007). These methanotrophs represented a
distinct phylogenetic lineage within the Verrucomicrobia and they belong to a
single genus for which the name Methylacidiphilum was proposed (Op den Camp
et al., 2009). Environmental clone libraries show that there is a large biodiversity in
Verrucomicrobia and they are encountered in many ecosystems like soils, peat
bogs, acid rock drainage, and landfill leachate, often in relative high numbers but
having an unknown physiology (Wagner & Horn, 2006). However, the
verrucomicrobial methanotrophs were obtained in pure cultures and a complete
genome sequence was published for Methylacidiphilum infernorum strain V4 (Hou

et al., 2008) while a draft genome analyses were made for Methylacidiphilum
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fumariolicum strain SolV (Pol et al., 2007). As nitrogen is one of the compounds
that limits bacterial growth in most ecosystems, the ability to utilize N, as a sole
nitrogen source is an important trait. Knowledge on N, fixation by methanotrophs
will help to understand their role in carbon and nitrogen cycling in different
environments. Although it was first assumed that only type II and the type I
moderately thermophilic Methylococcus strains were capable of N, fixation
(Oakley & Murrell, 1988), later the presence of both nifH gene fragments and
acetylene reduction activity was demonstrated in a variety of type I and type II
strains (Auman et al., 2001). Genetic and biochemical evidence was provided to
show that N, fixation capabilities are broadly distributed among methanotrophs.
Recently, it was also demonstrated that the deep-sea anaerobic methane-oxidizing
Archaea fix N, and share the products with their sulfate-reducing bacterial
symbionts (Dekas et al., 2009).

Preliminary growth experiments and genome analyses indicated that also the
Methylacidiphilum strains should be able to fix N, (Op den Camp et al., 2009). The
genomes of strain SolV and strain V4 show a complete set of necessary genes for
N, fixation (Op den Camp et al., 2009; Hou et al., 2008). Most of these genes and
their organization in putative operons resemble those of Methylococcus capsulatus
Bath (Ward et al., 2004), a Gammaproteobacterial methanotroph that has been
shown to fix N, (Oakley & Murrell, 1991).

The aim of the research study was to elucidate N, fixation by Methylacidiphilum
fumariolicum SolV in more detail. Physiological studies were combined with
nitrogenase activity measurements and analysis of the nifH gene encoding one of

the subunits of the nitrogenase.

(Khadem et al., 2010) 51 Microbiol-Sgm 156, 1052-1059



Chapter Three Nitrogen fixation by Methylacidiphilum fumariolicum strain SolV

Materials & methods
Organism

Methylacidiphilum fumariolicum, strain SolV used in this study was originally
isolated from the volcanic region, Campi Flegrei, near Naples, Italy (Pol et al.,

2007). The pH and temperature optima for growth were 2 and 55 °C, respectively.
Medium composition for growth

The medium used in this study to grow strain SolV contained in g 1"
MgCl,.6H,0, 0.08; CaHPO,4.2H,0, 0.44; Na,SO,, 0.14; K,SO,, 0.35; (NHy),SOs,
0.26 and 1 ml I trace element solution (Schonheit et al., 1979) and 2 % (v/v)
autoclaved fangaia soil extract (liquid obtained from the Fangaia mud pool at
Pozzuoli in Italy), unless stated otherwise. The medium was brought to a pH value
of 2 with 1 M H,SO, before autoclaving. To prevent precipitations, CaHPO4.2H,0
was dissolved in fangaia soil extract and was sterilized separately and added to the
bulk of the medium after autoclaving and cooling. The concentration of ammonium
(NH,") in the fangaia soil extract may vary from 1 to 28 mM. Most of the

experiments were performed with an extract containing 28 mM.
Gas & ammonium analyses

Methane (CHy), oxygen (O,), nitrogen (N,) and carbon dioxide (CO,) were
analyzed on an Agilent series 6890 gas chromatograph (Agilent, USA) equipped
with a Porapak Q and a Molecular sieve column and a thermal conductivity
detector as described before (Ettwig et al., 2008). Ethylene (C,H,) and acetylene
(C,H,) were analyzed with a Varian star 3400 gas chromatograph using a flame
ionization detector and a Porapak N column (1.8 m x 2 mm) with helium (He) as
carrier gas. The injection, detector and oven temperature were 125, 250 and 90 °C,
respectively. The gas chromatograph instruments were calibrated quantitatively for
each gas by injecting dilutions of pure gasses or mixtures. For all gas analyses

100 pl gas samples were injected with a glass syringe.
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Ammonium concentrations were measured using the ortho-phthaldialdehyde
(OPA) method (Taylor et al., 1974).

Batch cultivation

The effect of O, concentrations on N, fixation by strain SolV was tested in 1
liter serum bottles, sealed with red butyl rubber stoppers. The batch incubations
were performed in 50 ml nitrogen-free medium, without fangaia soil extract. The
medium was inoculated with cells obtained from the early stationary phase and the
inoculum size was always adjusted to achieve the same low initial optical density
(ODgpo), varying between 0.08 and 0.12. The gas composition in the headspace was
adjusted to 13 % and 8 % (v/v) for CH4 and CO,, respectively. O, concentrations
between 1 and 10 % (v/v) were tested. The experiment was started by incubating
the bottles at 50 °C with shaking at 200 r.p.m. During the experiment, gas samples

were removed from the bottle headspace and analyzed as described above.
Chemostat cultivation

The growth yield and stoichiometry of CH4 conversion to CO, of strain SolV
was determined using a chemostat, under N, fixing conditions. The chemostat,
liquid volume 300 ml, was operated at 55 °C with stirring at 750 r.p.m. with a
stirrer bar. The chemostat was supplied with medium at a flow rate of 5.1 ml h™',
using a peristaltic pump. The cell-containing medium was removed automatically
from the chemostat by a peristaltic pump, when the liquid level reached the sensor
in the reactor. Supply of CHy (0.72 ml min"), N, (0.46 ml min™") and CO, (2.1 ml
min™") took place by mass flow controllers through a sterile filter and sparged into
the medium just above the stirrer bar. An O, sensor in the liquid was coupled to an
ADI1030 Biocontroler (Applikon) regulating the O, mass controller to achieve a
O, saturation of 0.5 %. After steady state was reached, CH4 and O, consumption
and CO, production were determined by measuring the ingoing and outgoing gas
flows and the gas concentrations. The ingoing gas mixture now contained (all v/v)
14 % CH,, 19 % O,, 12 % N, and 54 % CO, at a flow rate of 3.8 ml h™'. The
outgoing gas passed through a sterile filter with a flow rate of 2.8 ml h™', and
contained (all v/v) 3 % CHy, 2.8 % O,, 16 % N, and 79 % CO,. To determine the
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dry weight concentration, triplicate 5 ml samples from the culture suspension were
filtered through pre-weighed 0.45 um filters and dried to constant weight in a
vacuum oven at 70 °C.

Nitrogenase assay

Acetylene (C,H,) reduction has been shown to be a suitable assay for N, fixation
in methanotrophs (Dalton & Whittenbury, 1976; Murrell & Dalton, 1983;
Toukdarian & Lidstrom, 1984). The nitrogenase activity assay was performed in
120 ml serum bottles, sealed with grey butyl rubber stoppers. The black rubber
stoppers proved to be inhibitory. For this assay 0.5 to 2 ml culture (1 mg dry
weight) were used. For the acetylene assay routinely C,H, and O, in the headspace
were set to be 2 % and 0.5 % (v/v), respectively. Because C,H; is a potent inhibitor
of the methane monooxygenase (MMO) (Dalton & Whittenbury, 1976; De Bont &
Mulder, 1976), 0.1 % (v/v) methanol (CH3;0H) was provided to the cell suspension
as an alternative electron donor. The experiment was started by incubations of the
bottles at 50 °C with shaking at 200 r.p.m. To measure the ethylene (C,H,)
production, the gas phase in the bottles was sampled at fixed time intervals and

analysed by gas chromatography.

Phylogenetic analysis

Representative nifH, nifD and nifK gene sequences, encoding the functional
proteins of the nitrogenase complex, were obtained from GenBank. The genes were
also extracted from the preliminary genome data of strain SolV (GenBank
accession number GU299762). Conceptual translations into amino acids were
performed and a concatenated set was created for alignment and phylogenetic
analysis using MEGA 4 (Tamura et al., 2007). The evolutionary history was
inferred using the neighbor-joining method (Saitou & Nei, 1987). The bootstrap
consensus tree inferred from 500 replicates was taken to represent the evolutionary

history of the taxa analysed (Felsenstein, 1985).

(Khadem et al., 2010) 54 Microbiol-Sgm 156, 1052-1059



Chapter Three Nitrogen fixation by Methylacidiphilum fumariolicum strain SolV

Results & discussion

N. fixation in batch cultures

Although N, fixation by the recently discovered methanotrophic
Verrucomicrobia is claimed on basis of preliminary data (Dunfield et al., 2007)
and the presence of their genetic potential (Op den Camp et al., 2009) there are no
reports that show N, fixation.

Batch incubations of M. fumariolicum SolV in nitrogen-free medium (and
without fangaia soil extract) showed that this methanotroph was able to fix N,.
When M. fumariolicum cells from batch cultures in the late exponential phase
(when ammonium was already depleted) were transferred to media with N, as the
sole source of nitrogen, and incubated at our standard oxygen concentrations (5-10
%, v/v) some increase in ODgy was observed but this increase did not last long.
We subsequently used cells that had reached the stationary phase. Transfers of
these cells (at 5-10 % v/v O,) never showed any growth within 10 weeks.
However, when initial oxygen concentrations were reduced to 2 % (v/v) O, an
increase in ODgoy could be observed (Fig. 1A), indicating N, fixation. In batch
cultures such low oxygen concentrations cannot be maintained because of rapid
oxygen consumption. Even at low cell densities (ODgg 0.1), repeated additions of
oxygen were necessary and concentrations fluctuated accordingly (Fig. 1B). This
variation was also described by Dedysh et al. (2004). Such incubations at around 2
% of O, in the headspace resulted in linear growth (Fig. 1A). After decreasing the
oxygen concentration to 1.3 % (v/v) and below, a short exponential growth phase
was observed (Fig. 1B), but was experimentally difficult to reproduce. It was
observed that in such bottles growth accelerated when oxygen concentrations were
dropped below 1 % (v/v) and slowed down after adjusting the oxygen
concentration to 1.5 % (v/v).

In the above-described experiments, it took 13 days before the bacteria started to
grow. When these (already) N,-fixing cultures were transferred into fresh nitrogen-
free medium, their lag phase was reduced to one day. The long adaptation is
probably required for induction of the nitrogenase. As there is no free nitrogen
available for this protein synthesis, the organism probably relies on the recycling of

other proteins or the presence of some stored nitrogen.
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Figure 1. (A) Batch cultivation of strain SolV in nitrogen-free medium with nitrogen
gas as nitrogen source. Incubation with oxygen concentrations of between 0.5 and 1.5
% (closed triangle), between 1 and 2 % (closed square), 5 % (open square) and 10 %
(open triangle); and the control with 1 % oxygen in the absence of nitrogen (closed
circle). (B) Due to practical limitation it was not possible to keep the oxygen
concentration (open circle) constant in the batch bottles and frequently additions were
required (arrows).

When the stationary cultures were transferred to ammonium-containing media,
exponential growth restored within 1 day, indicating that the long lag phase is not
caused by inactivation of the metabolism.

When a N,-free argon (Ar) gas phase was used no growth was observed, further
supporting the conclusion that an active N,-fixing metabolism was present (Fig.
1A).

The requirement of low oxygen concentration for N, fixation has also been
demonstrated for Methylobacter luteus (< 2 % v/v), Methylocystis strain T-1 (< 6
% v/v) and Methylococcus capsulatus Bath (< 10 % v/v) by batch cultivation under
N,-fixing condition (Dedysh et al., 2004; Murrell & Dalton, 1983; Takeda, 1988).
In contrast some other known methanotrophs are able to fix N, at higher oxygen
concentrations, like Methylosinus trichosporium OB3b (15-17 % v/v) and
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Methylocapsa acidiphila B2" (atmospheric oxygen concentration) (Dedysh et al.,
2002; Dedysh et al., 2004).

Nitrogenase assays

The N,-fixing M. fumariolicum cells described above were tested for nitrogenase
activity. The acetylene reduction assay showed that these growing cultures indeed
possessed nitrogenase activity. After 3 hours of incubation with acetylene, linear
ethylene production started for more than 8 hours at rates of 11.1 nmol h™" (mg dry
weight cells)™" for the cells growing at around 1 % (v/v) O,. A linearly growing
culture (up to 2 % v/v, O,) showed a reduced nitrogenase activity of 3.7 nmol h™*
(mg dry weight cells) . Consistently, both the growth experiments and nitrogenase
activity assays showed the detrimental effects of oxygen at concentration above 1
% (V/v).

The non-growing control culture with argon gas, where oxygen concentration
was kept constant at around 1 % (v/v), also showed nitrogenase activity. After 3
hours of incubation with acetylene, this culture showed linear ethylene production
for more than 8 hours at a rate of 5.5 nmol h™' (mg dry weight cells)™". This activity
represents the induction of the nitrogenase. The 3 h incubation time required before
that linear ethylene production started was also observed for Methylococcus
capsulatus Bath (Zhivotchenko et al., 1995).

The differences in nitrogenase activity between the cultures grown at 1-2 %
(v/v) O, and below 1 % (v/v) O, can be explained as a toxic effect of oxygen.
Nitrogenase is known to be an oxygen-sensitive enzyme and can be irreversibly
damaged by oxygen (Robson & Postgate, 1980). So it is plausible that part of the
activity of this enzyme is lost during growth at 1-2 % (v/v) O,, resulting in the
linear growth observed.

Our results are in accordance with the concept that molecular oxygen is an
important repressor of the transcription of nif genes (Rudnick ef al., 1997) and that
the presence of N is not needed for their activation.
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N.-fixing chemostat cultures

In contrast to batch cultures, chemostat cultivation has the advantage of a much
better oxygen control, especially at low concentrations. A chemostat with medium
containing 2 % (v/v) fangaia soil extract (resulting in an initial ammonium
concentration of 0.5 mM) was inoculated with M. fumariolicum SolV. In the first
period of incubation (about 7 days), no medium was supplied to the chemostat;
influent and effluent pumps were switched off. The oxygen concentration in the
medium in the chemostat was controlled at 0.5 % saturation. Exponential growth
was observed during 2 days. The maximum growth rate (f4ma) was 0.07 h™'
(corresponding to a doubling time of 10 h) which is identical to that of a batch
culture with 5-10 % (v/v) O, and indicates that oxygen is not limiting growth at 0.5
% saturation. Growth ceased (at an ODgg of 0.35) when the amount of ammonium
from the fangaia soil extract was depleted (< 5 uM, Fig. 2A). After one day of
adaptation the cells resumed exponential growth, but now with N, as the only
nitrogen source at a e of 0.025 h™' (doubling time 27 h) (Fig. 2A). The rapid
onset of N, fixation is in contrast to the long lag phase in batch incubations, where
only stationary-phase, nitrogen-depleted cells were able to start N, fixation.
Apparently the actively growing cells in a chemostat are able to synthesize the
nitrogenase protein more rapidly than the fully depleted stationary-phase cells in
batch culture. After an ODgy of 2 was reached, exponential growth ceased and the
culture showed linear growth up to ODggp 3.6, most likely due to CH4 gas-liquid
transfer limitations (Fig. 2A). At that time (day 7) the influent and effluent pumps
of the chemostat were switched on. The chemostat was now supplied with medium,
at a dilution rate of 0.017 h™' (doubling time 40 h), well below the fima observed in
the batch phase. Although the soil extract added to the medium contains
ammonium, the ammonium concentration in the chemostat remained below
detection limit (< 5 uM). A stable steady state was reached in about 18 days (Fig.
2B). In the presence of ammonium, N, fixation was not expected. Cells will start to
fix N, when the availability of nitrogen compounds becomes limiting, as was
demonstrated for Methylococcus capsulatus Bath by Zhivotchenko et al. (1995).
Furthermore, ammonium is an important repressor of the transcription of nif genes,
as it was observed for diazotrophic species of Proteobacteria (Rudnick et al.,
1997).
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The f4nax of strain SolV under N,-fixing conditions was 2.8 times slower
compared to growth on ammonium as nitrogen source (Pol et al., 2007). This was
expected, because N,-fixation is an endergonic process, which needs about 16 mol
of ATP per mol N, fixed (Dixon & Kahn, 2004). Accordingly, the growth yield of
3.5 g of dry weight cells per mol CH4 under N, fixing conditions was almost two
times lower than the yield with ammonium as nitrogen source (6.4 g dry weight per
mol CHy; Pol et al.,, 2007). CHy was converted to CO, according to the
stoichiometry CH4 + 1.62 O, — 0.87 CO, + 1.5 H,O + 0.13 CH,O (biomass).
When compared to the stoichiometry of ammonium-grown cells (Pol et al., 2007),
a slightly higher consumption of oxygen and production of carbon dioxide was
found, which coincides with the lower cell yield.

N, fixation by cells of strain SolV grown in chemostat cultures, was confirmed
by a nitrogenase activity assays. The incubation with acetylene showed linear
ethylene production for more than 4 hours at a rate of 47.4 nmol h™' (mg dry
weight cells)”'. The rate is sufficient to sustain N, assimilation in chemostat
cultures with a doubling time of 40 h. Similar nitrogenase activity values were
reported for type Il and type X methanotrophs (Murrell & Dalton, 1983). The
activity rate of the chemostat-grown cells is 4 times higher than for cells growing
in batch culture at < 1 % (v/v) O,, indicating that 1 % (v/v) O, is still detrimental
for N, fixation. In contrast to the inhibitory effect of ammonium on N, fixation in

growing cultures, concentration of ammonium up to 94 mM, did not have an effect
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on the acetylene reduction activity of the nitrogenase. Rates were linear for more
than 2 h. This was also observed for several species of Proteobacteria able to fix
N, (Rudnick et al., 1997). However, Murrell & Dalton (1983), suggested that
ammonium may affect the activity of nitrogenase and not the synthesis of this

enzyme.

Oxygen optimum of SolV nitrogenase activity

The nitrogenase assay performed under 1 % (v/v) O, resulted in nonlinear
ethylene production, with both batch-grown cells and chemostat-grown cells. Fig. 3
(A) shows ethylene production by batch-grown cells with pulse-wise addition of
small amounts of oxygen. The effect of oxygen concentration on ethylene
accumulation is clearly visible: e.g. addition of oxygen at day 3 slowed down
production while the decreasing oxygen concentration from this point onwards
resulted in an increase. This effect was explained by oxygen inhibition and was
similar to the oxygen effect on growth in the N,-fixing batch incubations described
above.

To determine the optimum oxygen concentration for the SolV nitrogenase
activity in whole cells, acetylene and oxygen in the headspace were set to be 2 %
(v/v) and 0.1-8 % (v/v), respectively. The optimum of oxygen concentration for
SolV nitrogenase activity was found at 0.5 % (v/v) (Fig. 3B). At lower oxygen
concentrations the activity decreased, possibly due to oxygen limitation for energy
generation. Nitrogenase activity was still observed at oxygen concentrations up to 1
% (v/v), but at oxygen concentrations above 2 % (v/v) no nitrogenase activity was
detected. This is in agreement with the results of batch incubations, where no
growth was observed at head-space oxygen concentrations above 2 % (v/v) (Fig.
1A) and favors the 0.5 % O, saturation we used for the chemostat culture liquid
medium as being optimal for growth under N,-fixing conditions. The oxygen
requirement for the nitrogenase activity for other methanotrophs was 6 % (v/v) for
Methylococcus capsulatus Bath, 2 % (v/v) for Methylosinus strain 6 and 0.5-1 %
(v/v) for Methylocystis strain T-1 (Zhivotchenko et al., 1995; Toukdarian &
Lidstrom, 1984; Takeda, 1988). If we compare the nitrogenase assay with growth
experiments in nitrogen-free medium, no activity of nitrogenase was observed in

assays at oxygen concentrations above 1 % (v/v), while growth was observed even
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at 2 % (v/v) O,. This might be explained as a result of metabolic activity, which
reduces the oxygen concentration in the cells.
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Figure 3. (A) Effect of oxygen concentration (open circle) on nitrogenase activity
(closed triangle) of a N,-fixing batch of strain SolV. Additions of oxygen are
indicated by arrows. (B) Cell suspensions of N,-fixing strain SolV were incubated at
different oxygen concentrations, with methanol as the oxidizable carbon substrate.
Ethylene production from acetylene was measured (closed square); 100 % activity is

equal to 47.4 nmol C,H, h™' (mg dry weight)™".

Phylogenetic analysis of the nitrogenase

From the preliminary genome data it was clear that the important genes for N,
fixation were present in strain SolV. The genes encoding the structural protein
(nifH, nifD and nifK) and the genes encoding cofactor biosynthesis (nifE, nifN and
nifX) are located in a putative operon (Fig. 4). BlastP searches with the translated
genes from the operon revealed an 89 + 6 % identity with the proteins of the
closely related Methylacidiphilum infernorum V4. Proteins from o- and fy-
proteobacterial methanotrophs showed 72 + 10 % identity. The Fe-protein from
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strain SolV, encoded by nifH, was shown to possess the cysteines involved in 4Fe-
4S cluster coordination and the residues of the two Walker motifs (Howard &
Rees, 1996). The other two structural proteins, encoded by nifD and nifK, also
contain the conserved residues depicted by Howard & Rees (1996).

Based upon NifH phylogeny the verrucomicrobial genes can be grouped with
Cluster I NifH proteins (Zehr et al., 2003, Fig. 5). This cluster contains the
conventional Mo-containing NifH proteins. The nitrogenase is believed to be an
evolutionarily conserved protein complex (Howard & Rees, 1996). The high
degree of sequence similarity among nitrogenase proteins may suggest either an
early origin or lateral gene transfer among prokaryotic lineages (Postgate & Eady,
1988). Although the early origin is supported by phylogenetic analysis of large sets
of nitrogenase and 16S rRNA gene sequences (Postgate & Eady, 1988; Young,
1992), comparative genomics analysis supports a scenario in which nitrogenases

could have been dispersed by lateral gene-transfer mechanisms.

nifH nifD nifKk nifE nifN nifX ?
_
\/ V
Structural proteins Cofactor biosynthesis

Figure 4. Schematic representation of the nif operon organization in the genome of
Methylacidiphilum fumariolicum SolV (GenBank accession number GU299762).

Figure 5 (next page). Phylogenetic analysis of a representative set of NifH proteins.
Bootstrap values (500 replicates) are shown at the branches. The bar represents 5 %
sequence divergence. The neighbor-joining tree is drawn to scale and the evolutionary
distances were computed using the Dayhoff matrix-based method and are in units of
the number of amino acid substitutions per site. All positions containing alignment
gaps and missing data were eliminated only in pairwise sequence comparisons
(pairwise deletion option). There were a total of 332 positions in the final dataset.
Phylogenetic analyses were conducted in MEGA 4 (Tamura et al., 2007).
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The relation of verrucomicrobial nitrogenase to that of the Archaea and
Proteobacteria was investigated by analysis of a concatenated set of the translated
structural genes nifH, nifD and nifK, taken from representative available bacterial
genome sequences. Two cyanobacteria were chosen as an out-group. The neighbor-
joining phylogenic tree (Fig. 6) calculated from the alignment showed that the
verrucomicrobial nitrogenases group with those of Proteobacteria and acidophilic
Leptospirillum species, the latter being members of the Nitrospirae that inhabit
acid mine drainage. This finding seems to be more supportive of the lateral gene
transfer scenario also in view of the grouping in the tree with a proteobacterial
acidophile, Acidithiobacillus ferrooxidans. Based on growth experiments and the
acetylene reduction assay, diazotrophy was demonstrated for Acidithiobacillus
ferrooxidans and Leptospirillum ferrooxidans (Mackintosh, 1978; Norris et al.,
1995). 1t is believed that the acidophilic biofilms in acid mine drainage receive
limited fixed carbon and nitrogen from external sources and therefore have to fix
atmospheric CO, and N, (Tyson ef al., 2005). For the Solfatara ecosystem less is
known about the nitrogen availability. We have observed a high variety of

ammonium concentrations in soil extract (see above).

Figure 6 (next page). Phylogenetic analysis of a concatenated set of the derived
amino acid sequences of the nifH, nifD and nifK genes. Representative sequences
were obtained from sequenced genomes (http://www.ncbi.nlm.nih.gov/genomes/-
Iproks.cgi). Bootstrap values (500 replicates) are shown at the branches. The bar
represents 5 % sequence divergence. The neighbor-joining tree is drawn to scale; the
evolutionary distances were computed using the Dayhoff matrix-based method and
are in units of the number of amino acid substitutions per site. All positions
containing alignment gaps and missing data were eliminated only in pairwise
sequence comparisons (pairwise deletion option). There were a total of 1419 positions

in the final dataset.
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Conclusion

Methylacidiphilum fumariolicum SolV was able to fix N, under low oxygen
concentration (0.5 % O, saturation) in chemostat cultures at a dilution rate of
0.017 h™'. Based on the acetylene reduction assay and the growth experiments we
conclude that the nitrogenase of strain SolV is extremely oxygen sensitive
compared to most other proteobacterial methanotrophs.

To our knowledge, this is the first report on the physiology of N, fixation within

the phylum Verrucomicrobia.
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Autotrophic methanotrophy in Verrucomicrobia:
Methylacidiphilum fumariolicum SolV uses the
Calvin-Benson-Bassham cycle for carbon dioxide fixation

Ahmad F. Khadem', Arjan Pol', Adam Wieczorek', Seyed S. Mohammadi',
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Abstract

Genome data of the extreme acidophilic verrucomicrobial methanotroph
Methylacidiphilum fumariolicum strain SolV indicated the ability of autotrophic
growth. This was further validated by transcriptome analysis, which showed that
all genes required for a functional Calvin-Benson-Bassham (CBB) cycle were
transcribed. Experiments with 13CH4 or 13COz in batch and chemostat cultures
demonstrated that CO, is the sole carbon source for growth of strain SolV. In the
presence of CHy, CO, concentrations in the headspace below 1 % (vol/vol) were
growth limiting and no growth was observed when CO, concentrations were below
0.3 % (vol/vol). The activity of the key enzyme of the CBB cycle, ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO), measured with a "*C stable-
isotope method was about 70 nmol CO, fixed min~' (mg of protein)”'. An immune
reaction with antibody against the large subunit of RuBisCO on Western blots was
found only in the supernatant fractions of cell free extracts. The apparent native
mass of the RuBisCO complex in strain SolV was about 482 kDa, probably
consisting of 8 large (53-kDa) and 8 small (16-kDa) subunits. Based on
phylogenetic analysis of the corresponding RuBisCO gene, we postulate that
RuBisCO of the verrucomicrobial methanotrophs represent a new type of form I
RuBisCO.
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Introduction

Methanotrophs are a unique group of microorganisms within the methylotrophs
that oxidize methane (CHy) to carbon dioxide (CO,). Until 2007, the phylogenetic
distribution of the aerobic methanotrophs was limited to the a and y subclasses of
the Proteobacteria (Hanson & Hanson, 1996). In 2007, novel thermoacidophilic
aerobic methanotrophs were discovered in geothermal areas in New Zealand,
Russia and Italy (Dunfield et al., 2007; Islam et al., 2008; Pol et al., 2007). These
methanotrophs represented a distinct phylogenetic lineage within the
Verrucomicrobia, for which the genus name Methylacidiphilum was proposed (Op
den Camp et al., 2009).

Recently, methanotrophy was discovered in a member of the NC10 phylum. It
was shown that ‘Candidatus Methylomirabilis oxyfera’, enriched under strict
anoxic conditions, produces its own oxygen from nitrite (Ettwig et al., 2010). This
oxygen is then used for CH, oxidation in a biochemical pathway comparable to
those of aerobic methanotrophs.

During the aerobic oxidation of CH; and methanol by proteobacterial
methanotrophs, formaldehyde is produced. This central metabolite can be further
oxidized to CO, or directly assimilated via intermediates of the central metabolism.
Based on the pathway used for formaldehyde assimilation, methanotrophs were
divided into type I and type II. Type II methanotrophs use the serine pathway, in
which formaldehyde and CO, are utilized in a one-to-one ratio to produce acetyl
coenzyme A (acetyl-CoA) for biosynthesis (Chistoserdova et al., 2009), while type
I methanotrophs use the ribulose monophosphate pathway for the assimilation of
formaldehyde to form glyceraldehyde-3-phosphate as an intermediate of central
metabolism (Hanson & Hanson, 1996). In the latter pathway, all cellular carbon is
assimilated at the oxidation level of formaldehyde. Genome data of some
proteobacterial methanotrophs (Methylococcus capsulatus Bath, Methylocella
silvestris BL2 [Chen et al., 2010; Ward et al., 2004]) and non-proteobacterial
aerobic methanotrophs (Methylacidiphilum infernorum V4, Methylacidiphilum
fumariolicum SolV and ‘Candidatus Methylomirabilis oxyfera’ [Ettwig et al.,
2010; Hou et al., 2008; Op den Camp et al., 2009]), revealed the presence of
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), the key enzyme of
the Calvin-Benson-Bassham (CBB) cycle. M. capsulatus Bath was found to
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contain RuBisCO in an active form (Stanley & Dalton, 1982), and genome analysis
suggested that a variant of the CBB cycle may operate (Kelly et al., 2005; Ward et
al., 2004). Although hydrogen seems to support moderate growth with CO, on agar
plates for M. capsulatus Bath and some other methanotrophs (Baxter et al., 2002),
autotrophic growth in liquid cultures has not been reported. Marker exchange
mutagenesis deleting the genes encoding RuBisCO may give definite answers on
the exact role of RuBisCO, but unfortunately, a good genetic system for
manipulation of these bacteria is lacking.

Analyses of the complete genome sequence of M. infernorum strain V4 (Hou et
al., 2008) and a draft genome of M. fumariolicum strain SolV showed that these
two verrucomicrobial methanotrophs lack the key enzymes for both the ribulose
monophosphate and serine pathways (Op den Camp et al., 2009). However, in this
study, we show that a complete set of genes encoding the enzymes of the CBB
cycle are present, which suggests that these methanotrophs may be able to fix CO,,
probably using CH,; mainly as an energy source. The CBB cycle has been
associated with a large use of ATP per mol of CO, fixed (Chistoserdova et al.,
2009) and was thus never considered to be a likely pathway to support growth on
CH,. In the present paper, we show, by applying “CH4 or *CO, in growth
experiments, that CO, is the only carbon source for M. fumariolicum strain SolV
during growth on CHy4. With a transcriptome study of strain SolV, we show that all
genes necessary for a complete CBB cycle are transcribed. The large and small
subunits of RuBisCO turned out to be highly expressed. In addition, we developed

a novel °C stable-isotope enzyme assay to demonstrate the activity of RuBisCO.
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Materials & methods
Organism & medium composition for growth

The M. fumariolicum strain SolV used in this study was originally isolated from
the volcanic region Campi Flegrei, near Naples, Italy (Pol et al, 2007). The
composition and preparation of the growth medium were described previously
(Khadem et al., 2010).

Transcriptome analysis

The available draft genome of strain SolV (Pol et al., 2007) was improved by
adding data (30 x 10° 75-nucleotide reads) from an Illumina sequencing run. Genes
encoding the enzymes of the CBB cycle were identified by BLAST searches, and
their DNA and protein sequences were used for transcriptome analysis.
Exponentially growing cells were harvested by centrifugation, 3.1 mg (dry weight)
cells was used for isolation of mRNA, and subsequent synthesis of cDNA (328 ng)
was done as described before (Ettwig ef al., 2010). The cDNA was used for single-
end Illumina sequencing (Ettwig et al., 2010). Expression analysis was performed
with the RNA-Seq analysis tool from the CLC Genomics Workbench software
(version 4.0; CLC bio, Aarhus, Danmark).

Gas & protein analyses

Gas samples (100 pl) were analyzed for CH4 and CO, on an Agilent series 6890
gas chromatograph (GC) equipped with Porapak Q and molecular Sieve columns
and a thermal conductivity detector (Ettwig et al., 2008). To quantify the molecular
masses for >CH,4 and "*CH, (16 and 17 Da) and for 12C0, and CO, (44 and 45
Da), the same gas chromatograph was coupled with a mass spectrometer (GC-MS)
(Agilent 5975C GC MSD; Agilent, Santa Carla, CA) (Ettwig et al., 2010). All gas
concentrations are given in volume percentages (volume/volume). Protein
concentrations were measured using the Bio-Rad protein assay kit (Bio-Rad
Laboratories B.V., Veenendaal, the Netherlands).
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13/12C IRMS analysis

The ""°C ratio of biomass samples was determined using isotope ratio mass
spectrometry (IRMS). The cells were harvested by centrifugation, and the pellet
was washed with acidified water (pH 3) and dried overnight in a vacuum oven at
70 °C. The dried material (about 0.04 mg) was analyzed on a Thermo Fisher
Scientific EA 1110 CHN element analyzer coupled with a Finnigan DeltaPlus mass

spectrometer.
Batch cultivation

The effect of CO, concentration on the growth of strain SolV was studied in
batch cultures using 1-liter serum bottles containing 50 ml of medium and sealed
with red butyl rubber stoppers. Incubations were performed in duplicate and at 55
°C with shaking at 180 r.p.m., and mixtures contained 5 % CH,4 and air as the only
source of O, and CO,. To remove dissolved CO, originating from the inoculum,
the cell suspension was flushed with sterile air for 10 min before inoculation.

BCH, experiments were done in 150-ml serum bottles containing 10 ml of
culture medium, 40 % CO,, and 5 ml of "CH, (99 atom % "°C; Sigma-Aldrich).
The bottles were inoculated with 0.25 ml of a culture of strain SolV. Initial and
final gas concentrations and amounts, as well as mass ratios, were verified by gas
chromatographic analysis using a pressure lock syringe. Recovery of “C was
calculated from "*C/'*C ratio of CO, and the total amount (moles) of gasses in the
bottle. For calculating CO, in the liquid phase, a partition coefficient of 1.066
(gas/liquid ratio) at 21 °C was assumed (Weiss, 1974). At the end of the

experiment, the biomass was used for the IRMS analysis.
Chemostat cultivation

13CH4— and 13C02—labeling experiments were performed in continuous chemostat
cultures under N,-fixing conditions as described before (Khadem et al., 2010). In
the first experiment, *CH, (99 atom % "*C; Sigma-Aldrich) replaced the unlabeled
CH, in the inlet gas mixture of the chemostat. After a steady state was obtained, the

C-labeling percentage of the gases in the outlet of the chemostat was determined.
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The ingoing gas now contained 4.7 % "*CH, and 3.5 % '*CO, at a flow rate of 10.7
ml min~'. The outgoing gas (10.3 ml min™') contained 2.5 % "CH,, 3.1 % '*CO,,
and 2.2 % "CO..

In the second experiment, *CO, replaced the unlabeled CO,. *CO, was prepared
by pumping a 0.6 M NaH"COs (99 % "C) solution into a stirred solution (450 ml)
of 1.2 M HCI in a closed 500-ml serum bottle. The argon gas supply of the
chemostat was led via the headspace of this bottle, and once the Bco,
concentration was constant, it was supplied into the chemostat. The ingoing gas
contained 4.6 % '“CHa, 0.07 % '°CO,, and 3.6 % "CO; at flow rate of 10.4 ml
min~'. The outgoing gas, with a flow rate of 10.3 ml min™', contained 2.3 % '*CH,,
1.95 % "“CO,, and 3.2 % "CO,. During the experiments, samples of chemostat
culture were collected and used for the IRMS analysis of the biomass.

Assuming that carbon in new biomass is labeled according to the label
percentage of the CO, present (X“°%) in the chemostat (i.e. gas outlet), the *C-label
percentage of biomass in the chemostat will develop over time according to the
formula: X“°% x (1-¢™), in which D represents the dilution rate (h™") of the reactor
and ¢ represents time (h).

The “‘old’’ biomass in the chemostat at the moment we started the calculations
washed out according to the formula X°™ x (™). X° is the '*C label percentage of
biomass of the first sample taken, at the moment that the >CO, gas concentrations
in the outlet reached steady state. This value was still close to the natural
abundance of "°C in the biomass, as only a little ?CO, was incorporated. The sum
of new and old biomass percentages was taken as the predicted average '*C-label
percentage of the chemostat biomass in the course of time during the supply of
labeled gasses: X, = X% x (1-¢ ') + XM x (e™).

Recovery calculation of 3C from 3CH, in CO. & biomass

The "C recovery in biomass (see results [Table 1]) was calculated using the
following formula: (mole fraction of formaldehyde x 0.34 x 100) + (mole fraction
of CO; x 0.34 x 42). In this formula, the mole fraction refers to incorporation ratio
of formaldehyde and CO, into biomass, depending on the carbon assimilation
pathway. The values 100 and 42 refer to the labelling percentages of formaldehyde
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and CQO,, respectively. The value 0.34 refers to the biomass produced according to

the observed stoichiometry of CH,4 oxidation (see Results).
Cell extracts

Cells of an exponentially growing culture (9 liters, optical density at 600 nm
[ODgoo] = 0.56) were collected by centrifugation (4,000 x g, 4 °C, 10 min) and
washed two times with 70 ml buffer {25 mM PIPES [piperazine-N,N'-bis-(2-
ethanesulfonic acid)]-NaOH, pH 7.5}. Finally, the cell pellet (9.6 g [wet weight])
was resuspended in 10 ml of PIPES-NaOH buffer. To this suspension (pH 7), one
tablet of protease inhibitor cocktail (Boehringer, Mannheim, Germany) and 1 mg
DNase [ were added. Cells were broken by passing the cell suspension 3 times
through a French press at 20,000 1b/in®. Unbroken cells and cell debris were
removed from the resulting crude extract by centrifugation at 12,000 x g for 20 min
(4 °C, Sorvall SS-34 rotor). This resulted in a turbid supernatant, with increasing
turbidity toward the bottom of the tube. The turbid cell extract was centrifuged
again at 48,000 x g for 40 min (4 °C). This resulted in clear reddish supernatant
and a yellowish pellet (see picture 1). The clarified cell extract obtained was further
ultracentrifuged, using a Sorvall Discovery with a 70.1 Ti rotor (150,000 x g, 4 °C,
60 min). This resulted in clear reddish supernatant and a tiny yellow transparent

pellet (the same observation as the 48,000 x g centrifugation step).
Protein gel electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
native-PAGE were performed using a Mini-Protean 3 Cell (Bio-Rad) according to
the method of Laemmli (Laemmli, 1970). Molecular weight standards were
obtained from Fermentas and Invitrogen. For SDS-PAGE, protein samples (25 pg)
were incubated at 95 °C for 10 min in loading buffer (6.5 % [vol/vol], glycerol,
0.016 M Tris-HCI [pH 6.8], 0.5 % [wt/vol] SDS, 0.003 % [wt/vol] bromophenol
blue and 1.3 % [vol/vol] B-mercaptoethanol). For native-PAGE, loading buffer
without SDS and B-mercaptoethanol was used. Proteins in the gel were stained

overnight by Coomassie brilliant blue G-250.
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Protein bands from native gels were cut out and further analyzed by SDS-PAGE;
bands (8.5 mm®) were incubated in 100 pl SDS-PAGE loading buffer at 95 °C for
10 min, and incubated further overnight at 4 °C with gentle shaking. The eluted
proteins were 10-fold concentrated and washed several times with Tris-HCI buffer
(0.5 M, pH 6.8) using a 3k Vivaspin column (Sartorius Stedim Biotech) before
loading on the SDS-PAGE gel.

Picture 1. (A, left) Cell
suspension of Methylacidi-
philum fumariolicum SolV.
(A, right) Crude extract
obtained by passing the cell
suspension through a French
press. (B) The reddish turbid
supernatant with increasing
turbidity toward the bottom
of the tube, obtained after
centrifugation of the crude
extract at 12,000 x g.

(C) 12,000 x g supernatant.
(D) 12,000 x g pellet.

(E) 48,000 x g supernatant.
(F) 48,000 x g pellet.

Molecular mass determination of RuBisCO

For mass determination of RuBisCO, native-PAGE (see above) and size
exclusion chromatography were applied. Clarified cell extract of strain SolV was
passed through a column (16 mm by 130 cm) of Sephacryl S-300 HR (VWR). The
column was preequilibrated with 20 mM phosphate buffer-100 mM NaCl (pH 7.2).
After loading, the column was eluted with the same buffer at 0.5 ml min™' and
column effluent was monitored at 280 nm. Protein fractions were collected using

an automated fraction collector. Peak fractions were then subjected to SDS-PAGE
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analysis. Calibration proteins obtained from Sigma were albumin egg (45-kDa),
albumin bovine (66-kDa), alcohol dehydrogenase (150-kDa), apoferritin (443-
kDa), thyroglobulin (669-kDa), and blue dextran (2,000-kDa).

MALDI-TOF MS analysis

Identification of the protein bands on the SDS-PAGE gels were performed by
matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS). Gel spots (about 5 mm’) were destained (solutions contained
acetonitrile [30, 50, and 100 % vol/vol], diluted with 25 mM ammonium
bicarbonate [NH4;HCOs5]), and dried, and the proteins were in-gel digested with 5 ul
of trypsin (the solution contained 15 ng trypsin ul™ in a mixture of 25 mM
NH4HCO; and 5 mM r-octyl-B-D-glucopyranoside) on ice for 1 h. The excess
trypsin solution was removed, and the gel spot was covered with a solution
containing 25 mM NH4HCO; and 5 mM n-octyl-B-D-glucopyranoside and was
incubated overnight at 37 °C. The peptides were extracted by adding 4 ul of a
mixture containing (all volume/volume) 50 % acetonitrile, 0.5 % trifluoroacetic
acid (TFA), and 49.5 % 5 mM n-octyl-B-D-glucopyranoside, followed by 1 h
incubation at room temperature. The liquid was sonicated for 2 min in a water bath
and dried in a vacuum centrifuge. The peptides were solved in 4 pl of TFA (0.1 %).
The dissolved peptides (3 ul) were mixed with 0.3 pl of matrix solution (20 mg a-
cyano-4-hydroxycinnamic acid in 0.5 ml 0.1 % TFA and 0.5 ml acetonitrile),
spotted on a stainless steel target plate, and analyzed on a Biflex IIIl MALDI-TOF
mass spectrometer (Bruker, Bremen, Germany) operating in the reflectron mode.
Data analysis was performed using X-TOF software (Bruker, Bremen, Germany),
and the Mascot search engine (Matrix Science Ltd., Boston, MA) was used to
identify the proteins.

Immunoblotting

The proteins from SDS-PAGE and native-PAGE gels were transferred to a
nitrocellulose membrane by electroblotting at 100 mA for 45 min. The obtained
blots were then prepared for immune reaction as previously described (van Niftrik

et al., 2009). The polyclonal anti-RuBisCO, raised in rabbit using a synthetic
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peptide, was used as primary antibody (product AS03 037; Agrisera, Vénnis,
Sweden). This antibody was 3,300-fold diluted in blocking buffer. The monoclonal
mouse anti-rabbit IgG alkaline phosphatase conjugate (Sigma catalog no. A2556)
was used as the secondary antibody.

Activity assay for RuBisCO. (i) Carboxylase activity

As an alternative to the radioisotope method, we developed a stable-isotope
method for measuring RuBisCO activity. This was based on the incorporation of
CO, into 3-phosphoglycerate (3-PGA) and subsequent destruction of 3-PGA by
acid permanganate oxidation. The CO, liberated was quantified by GC-MS as
described above. The destruction of 3-PGA to liberate the carboxyl group was
performed analogously to the destruction of lactate with permanganate and
phosphoric acid (H;PO,), as previously described (Bird et al, 1978), which
produces CO, and acetate. We used 1 % potassium permanganate (KMnQOy) in 0.1
M H;PO, instead of 5 % KMnO, in 0.07 M H;PO,, and the temperature was
lowered from 80 °C to 50 °C. Under such conditions, 15 min of incubation yielded
1 mol of CO, per mol of 3-PGA. This was verified by a series of 0.1 to 2 pmol of
3-PGA in 3-ml Exetainer vials (Labco Limited, High Wycombe, United Kingdom).
Ice-cold KMnOy,4 (500 pl) was added, and the vial was immediately closed with a
screw cap with a rubber seal and incubated at 50 °C. A linear relation between the
amount of 3-PGA and CO, produced was measured (GC-MS analysis). Under
stronger oxidative conditions, the initial production of CO, was more rapid but
followed by a continuous slow evolution of CO,. Apparently, the oxidation product
of 3-PGA is prone to further oxidation. The final destruction conditions applied
were 0.1 % KMnO, in 0.1 M H3;PO, for 25 min at 50 °C.

To limit the background production of CO, and increase the sensitivity of the
method, we used 20 mM phosphate buffer in the assay mixtures to replace the
commonly used organic buffers. The only organic material present in the assay
mixture now originated from the RuBisCO-containing samples. Apart from some
CO, from air, the major part of CO, (> 80 %) present in the Exetainer vial after
destruction resulted from the RuBisCO assay samples. As it reflects the sample
amount, this CO, could act as an internal standard when the ratio of *CO, to '*CO,

was taken. This resulted in better time curves than those obtained using the
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absolute amounts of *CO, produced in the destruction vial. Moreover, the GC-MS
response for CO, was varied over time, while the ratio of BCo, to *CO, was very
constant. The ratio multiplied by the average total amount of CO, in the destruction
bottles from a time series was used to calculate the amount of *CO, produced.
Time series were linear for 2 min. The standard RuBisCO assay was performed in
a 2-ml vial (VersaVial; Alltech) containing 200 pl of Mg-phosphate buffer (20 mM
potassium phosphate, 10 mM MgCl,, pH 6.9). Cell extracts diluted in 25 mM
PIPES-NaOH, pH 7.5, to a total volume of 25 ul and NaH">CO; (99 % "*C) (20 pl
of a 100 mM stock) were added. The vial was closed immediately with a thin
rubber cap (Alltech) to prevent the loss of CO,. The final pH in this mixture was
pH 7.25 (at 50 °C), and the CO, gas concentration was calculated to be 1.5 %. The
vial was preincubated for 10 min at 50 °C in a water bath and the RuBisCO activity
assay was started by adding 5 pl of stock solution of ribulose-1,5-bisphosphate (25
mM) by a syringe through the rubber cap. The mixture was vortexed for 2 s and
incubated further at 50 °C. Samples of 50 ul were taken through the stopper by a
syringe every 30 s for 2 min. Samples were mixed with 20 ul of 0.5 M HCI in 3-ml
Exetainer tubes and dried under vacuum at 45 °C. After destruction with 0.5 ml
permanganate solution as described above and cooling down to room temperature,
the vials were stirred on a vortex device to allow CO, to equilibrate. The gas phase
was measured for *CO, and *CO, by GC-MS analysis.

Activity assay for RuBisCO. (ii) Oxygenase activity

The oxygenase reaction of RuBisCO was assayed in a Strathkelvin RC350
respiration cell at a working volume of 0.7 ml. The assay buffer contained 50 mM
HEPES and 10 mM MgCl, (pH 7.2) and was air saturated at 50 °C. Unlabeled
NaHCOj; was added in the range of 0 to 10 mM, and after addition of cell extract
(12,000 x g supernatant, 1 mg protein), the background O, consumption was
followed for 10 min before the addition of ribulose 1,5-bisphosphate (0.4 mM).
After this addition, consumption rates increased immediately but then slowed

down.
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pH optimum for RuBisCO assay

The effect of pH on the activity was determined by setting the initial pH value
of the Mg-phosphate buffer at values of 6.45, 6.6, 6.85 and 7.05. NaH"’CO; was
added at 7, 9, 12 and 16 mM final concentrations, respectively. The final pH was
verified at 50 °C in an up-scaled situation (10-ml tubes) to be 7.0, 7.22, 7.5 and
7.75, respectively. Taking a dissociation constant (pK,) of 6.1 for carbonic acid
(H,CO3) at 50 °C, the CO, percentage in the gas phase was calculated to be
between 1.4 and 1.7 %.

Phylogenetic analysis

Representative ChbL and ChbS sequences, encoding the large and small
subunits of RuBisCO, were obtained from GenBank and aligned using MUSCLE
(Edgar, 2004) in MEGA 5.0 (www.megasoftware.net). Phylogenetic trees were
calculated using the neighbor-joining method (Saitou & Nei, 1987) with 1,000
bootstraps (Felsenstein, 1985) to infer the evolutionary relationship. Positions
containing alignment gaps and missing data were eliminated only in pairwise
sequence comparisons (pairwise deletion option). The Dayhoff matrix-based

method was used to compute the evolutionary distances.
Nucleotide sequence accession numbers
The M. fumariolicum SolV genes reported in this study were extracted from the

draft genome and submitted to GenBank under accession numbers JF706245 to
JF706259 and JF714482.
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Results

Growth of strain SolV at different CO, concentrations

Standard batch incubations of M. fumariolicum strain SolV with CO, and CHy,
both 5 %, resulted in exponential growth within one day. However, incubations
without CO, did not result in any growth on CHy, even after 40 days of incubation,
indicating that CO, was necessary for growth. This dependency was further
investigated in a series of batch incubations in 1-liter bottles with air as the only
source of CO, (0.04 %) and 5 % CH,. In all incubations, we observed CO,
production from CHy4 during the initial period, at a rate directly depending on the
inoculum size. As the CH4 oxidation was not coupled to growth, the CO,
production rate decreased with time (Fig. 1A). Growth resumed only after CO, had
reached levels above 0.3 % (Figs. 1B and 1C). This indicated that growth of strain
SolV is dependent on a minimum concentration of CO, in the headspace.

In order to circumvent endogenous CO, production and to test the effect of non-
growth conditions on the viability of strain SolV, a culture was starved for CH, for
35 days (at 55 °C). When CH,4 was subsequently added, CO, production was hardly
measurable, and no growth was observed for 7 days. Thereafter, when CO, was
added, growth resumed within 3 days (Fig. 2).

From various growing cultures of strain SolV, the growth rate was determined at
different prevailing CO, concentrations. This was done for time intervals of about 6
h, in which CO, concentrations in the headspace did not changed more than 15 %.
The results clearly showed the dependency of the growth rate on CO, concentration
(Fig. 3). The lowest CO, concentration at which growth was observed was 0.3 %
(doubling time, about 80 h), and the growth rate increased towards its maximal
(doubling time, 10 h) at 1 % CO,.
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Figure 1. Effect of CO, concentration (closed circles) on growth of M. fumariolicum
strain SolV in batch (closed triangles). Batch incubation with initial ODgyy of 0.02
(A), 0.05 (B) and 0.1 (C) were started with 5 % (vol/vol) CH, and with air as the only
O, and CO, source.
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13C-labeling experiments in chemostat cultures

Labeling experiments were performed to determine whether CO, was the only
carbon source in M. fumariolicum strain SolV. A CHy-limited chemostat culture at
a dilution rate (D) of 0.016 h™' was used for this purpose. At steady state, gas
concentrations in the inlet and outlet were analyzed, and CH4 consumption rate (ml
min~' + standard error of the mean [SEM]) was calculated to be 0.254 + 0.009 (n =
4). The CO, production rate (ml min~' + SEM) was 0.167 £ 0.01 (n = 4). This
results in the following stoichiometry for carbon: 1 CHy — 0.66 CO,+ 0.34
biomass (CH,0). The biomass carbon can be derived either from CH,4 oxidation
intermediates or from CO,.

In the first experiment, the unlabeled CH,4 supply of the chemostat was changed
to *CH,. The labeling percentages of the gases in the chemostat headspace reached
steady state after 1.5 hours (42 % "C for CO, and > 99 % "C for CH,), and the
CH, consumption and *CO, production rates (ml min™' + SEM) were calculated
(0.254 £ 0.009 and 0.226 £ 0.002, respectively), thus resulting in a recovery (mean
+ SEM) of 89 % + 3.3 % of the *CH, consumed.

Even when all *CH, consumed is converted into *CO, and all biomass is
derived from CO,, a total recovery in *CO, is not expected, as part of the *CO,
produced in the chemostat is incorporated into the biomass. With the above
stoichiometry for carbon and a measured 42 % "*C-labeling percentage for CO, in
the chemostat, still 14 % (measured *C-labelling percentage x moles of biomass)
of the label will be incorporated into the biomass, and so only 86 % can be
recovered as *CO, (Table 1).

The measured "*C-labeling percentage of CO, in the chemostat was in good
agreement with the calculated value of about 40 %. This was calculated on the
basis of the unlabeled CO, in the inlet gas and the amount of 13CH4 converted into
PCO..
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The increase in "*C percentage of the biomass in the chemostat culture in the
course of time (Fig. 4A) was predicted under the assumption that all biomass was
derived from CO,, at the current °C label percentage of 42 %. Before the reactor
was supplied with the "°C label, the percentage was 1.1, close to the natural
abundance of ">C in CO, gas (1.17 %). Measured values of the increase of the "*C
percentage of the biomass followed exactly the predicted curve (Fig. 4B).

The experiment was repeated with >CO, in the inlet gas of the chemostat and
unlabeled CH,. The labeling percentage of CO, in the outlet increased to 62 % after
1.5 h (steady state). Unlabeled CO, originated from oxidation of the unlabeled
CH,. Again, the increase of the "*C percentage of the biomass followed the
predicted curve (Fig.4B), with the assumption that CO, was the only carbon
source.

Within the first hours of the experiment, the increase of the °C label percentage
into biomass was assumed to be linear, and the "*C incorporation rate of the
predicted curve for the *CO, experiment was calculated to be 1.5 times higher than
the predicted curve for the *CH, experiment (Fig. 4B), in accordance with the 1.5-
times-higher label percentage (62 % versus 42 %).

70
(A)
] Figure 4. (A) Predicted percentage of
BC-labeled biomass, for a
M. fumariolicum strain SolV
chemostat culture supplied with *CH,
(dashed line) and "CO, (solid line).
(B) Measured percentages of '*C-
labeled biomass in the first 10 hours
for a SolV culture supplied with *CH,

(circles) and  CO, (squares),

13C-labeled biomass (%)

combined  with  the  predicted

percentages.

0 100 200 300 400

Time (hours)
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13C-labeling experiments in batch cultures

The labeling study with *CH, in the chemostat culture always resulted in high
BCO, production from "“CH, oxidation. This could have been circumvented by
sparging much larger gas volumes through the reactor. This option was not used,
since this is technically not feasible in our chemostat setup; instead, labeling
experiments in two batch cultures with a high concentration (40 %) of unlabeled
'2CO, and a relatively limited amount (3.2 %) of “CH, were performed. If all
BCH, was converted to CO,, the CO, pool would be labeled for an additional 7.4
% only (3.2 % /40 % x 100). Concentrations of gasses and “C/'>C mass ratios of
CO; at the start of and after growth, when 80 to 95 % of the added CH, was
converted, were carefully measured. It could be calculated that in both bottles, at
least 96 % of the label of *CH,4 was recovered as ?CO,. This pointed to complete
oxidation of CH,4 and the sole use of CO, as the carbon source.

If we assume that carbon assimilation by fixation of CO, and that 0.34 mol CO,
incorporated into biomass per mole CH4 converted, then close to 2 % of the total
C produced would have been incorporated. This makes the total '*C recovery at
least 98 %. At the end of the experiment, the *C/"*C ratio of the biomass in both
bottles was determined by IRMS. The analysis showed that 4.6 % of the biomass
carbon was "*C labeled. This percentage was in very good agreement with the
average measured °C percentage of the CO, during growth (1.2 % at the start of
and 7.7 % at the end of growth, so an average 4.5 %) and again confirms that CO,
is the main carbon source.

RuBisCO in strain SolV

The labeling experiments described above showed that M. fumariolicum strain
SolV fixes CO,, and the draft genome data of strain SolV contained a RuBisCO
gene, encoding the key enzyme of the CBB cycle (see below). Therefore, cell
extracts of strain SolV were tested for the presence of RuBisCO activity and
analyzed by SDS-PAGE (13 % gel) and native-PAGE (5 % gel).

(Khadem et al., 2011) 87 J Bacteriol 193, 4438-4446
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For the activity assay, we developed a method based on the *CO, incorporation
into 3-PGA and its subsequent destruction in closed vials with acid permanganate
solution. *CO, concentrations in the vial were quantified on basis of BC/1C ratios
as measured by GC-MS.

Activity was proportional to the amount of turbid cell extract added
(concentrations of 10 to 250 pg protein per 250 pl assay mixture were tested) and
linear for 2 min (Fig. 5). No "“CO, was incorporated without extract or the
substrate ribulose-1,5-biphosphate (0.5 mM). Activity was optimal between pHs
7.2 and 7.5. At pHs 7.7 and 7.0, activity dropped by about 10 %. When kept on ice,
the activity in extracts was stable for at least a month. The specific activity of the
turbid cell extract was 55 to 70 nmol CO, fixed min™' (mg of protein)'. The
oxygenase activity of RuBisCO measured at an oxygen concentration of around
150 uM was about 4.5 nmol O, min~' (mg of protein)™', and this activity was
inhibited by the addition of NaHCO; (50 % inhibition at 4 mM NaHCO; [results
not shown]). Virtually all the RuBisCO activity (> 90 %) appeared to be present in
the clarified cell extract (48,000 x g supernatant). The corresponding pellet
contained only very small amounts of RuBisCO activity that could be attributed to

a residual soluble fraction (Fig. 5).

2
g 18 Figure 5. '>CO, incorporation into 3-
K] PGA and its subsequent destruction in
Eé closed vials with acid permanganate
-g 16 solution. Bco, concentrations
% quantified in the vial represents M.
§ 1.4 fumariolicum strain SolV RuBisCO
% activity in turbid cell extract (12,000 x
§ 1.2 g supernatant, [triangles]) and in the
) pellet after centrifugation at 48,000 x g

1 (squares).

0 0.5 1 1.5 2

Time (minutes)
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When the proteins in the crude extract were analyzed by 13 % SDS-PAGE, a
consistent pattern of proteins was observed, which did not change upon subsequent
centrifuging steps (Fig. 6A). Dominant bands (indicated with arrows) were cut out
of the gel and identified by tryptic digestion and MALDI-TOF MS peptide mass
analysis. The results showed that the upper band corresponded with the large
subunit of RuBisCO, with a predicted mass of 53,930 Da, and the lower band
corresponded to the small subunit of RuBisCO, with a predicted mass of 16,550 Da
(Fig. 6A). The pellets obtained after the different centrifugation steps did not
contain these bands (data not shown). In addition to the MALDI-TOF MS
identification, immunoblotting with an antibody against the RuBisCO large subunit
was done, and only the 53,930-Da band specifically reacted with this antibody
(Fig. 6B, lanes 1 to 4). After being washed extensively with PIPES-NaOH buffer,
pellets of 12,000 x g and 48,000 x g centrifugation steps (yielding intact cells and
membranes) showed only a weak reaction with this antibody. In contrast, after
washing of the 150,000 x g pellet, a clear immune response band remained visible
(data not shown), suggesting that RuBisCO is present as a high-molecular-mass
complex that partly sediments at this high centrifugation speed. This was verified
by analyzing all supernatants on a 5 % native-PAGE gel (Fig. 7A). The prominent
band at about 536 kDa (Fig. 7A) showed an immunoreaction with the RuBisCO
antibody (Fig. 7B). The corresponding protein band from an unstained native gel
part was cut out of the gel. Proteins from the gel pieces were denatured, eluted, and
loaded on a 13 % SDS-PAGE gel. This resulted in only 2 protein bands with
molecular weights corresponding to the large and small subunits of RuBisCO (Fig.
7C, lane 1). This was confirmed by the MALDI-TOF analysis and antibody
reaction (data not shown). The native mass of RuBisCO was also determined by
size exclusion chromatography, which showed a somewhat apparent lower
molecular mass of about 482 kDa. Most likely, the native RuBisCO protein
complex is composed of 8 small and 8 large subunits, with a calculated molecular
mass of 563,840 Da.

(Khadem et al., 2011) 89 J Bacteriol 193, 4438-4446
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Transcriptomics

Analyses of the draft genome of M. fumariolicum strain SolV revealed that the
key genes needed for an operational ribulose monophosphate pathway, the
hexulose-6-phosphate synthase and hexulose-6-phosphate isomerase genes, were
absent (Pol et al., 2007). In addition, the crucial genes encoding key enzymes of
the serine pathway, the malyl-coenzyme A lyase and glycerate kinase genes were
not found. However, the genes needed for a full operational CBB cycle were
present. All these genes were also transcribed (Table 2), as was verified by
transcriptome analysis of exponentially growing cells, especially the genes
encoding the large and small subunits of RuBisCO, which were highly transcribed.
These results, together with the physiological and biochemical experiments
described above, fully support the conclusion that strain SolV makes use of the

CBB cycle to fix CO, for carbon assimilation.
Phylogenetic analysis of RuBisCO

RuBisCO enzymes can be grouped according to the structures, catalytic
properties and gene arrangement into type I (A, B, C and D), II, IIl and IV
(RuBisCO-like) (Badger & Bek, 2008). A neighbor-joining tree (Fig. 8) was
constructed using representative cbbL sequences of each group. Also, for this
analysis, the sequences of three (uncharacterized) mesophilic verrucomicrobial
methanotrophs available from GenBank (accession numbers JF706245, JF706246
and JF706247) were added. The verrucomicrobial RuBisCO enzymes formed a
distinct group in the phylogenetic tree. The RuBisCO operons in M. fumariolicum
strain SolV and M. infernorum strain V4 are arranged in the gene order chbL cbbS
cbbX (Fig. 9), which is typical for the type IC (Badger & Bek, 2008). In both
strains, no genes involved in carboxysome formation were detected. The remaining
genes of the CBB cycle (Table 2) are spread through the genome of strain V4,
sometimes with two or three CBB cycle genes clustered. BLASTP searches with
the M. fumariolicum SolV RuBisCO large subunit in environmental data sets did

not result in sequences fitting into the distinct verrucomicrobial group.

(Khadem et al., 2011) 92 J Bacteriol 193, 4438-4446



b y-8EhY ‘€61 [0112100g [

(1702 “*1p 12 wopeyy)

-a8ed yxou uo spaoooid 7 o[qe],

81 T8YPILAL €TLeod ysd aseury are1v0ASoydsoyy
'S C8YYILAL 6S'1°C10d ydn3 aseuaSoIpAyap ajeydsoyd-¢-opAopeInak[n
vy ¥ST90LAl A NARAOL! vl 11 sse[o ‘osejopie oyeydsoydsiq-asojon,|
S0 85790LA(l STy Od yoqf 1 ssepo ‘osejopre areydsoydsiq-asojonig
ST ¥$T90LAf I1¢redd dqf aseyeydsoydsiq-9*[-esojonig
LEECTEOH asejeydsoydsiq-/ 1 9so[nydajopas
el 6vC0LAL [reredd ouo8 dHAS-X S / 11 aseyeydsoydsig-9¢1-asojoni,|
194 £6290L4r I'recedod |27 9Se[ojoNSuBI]
L0 LSTO0LAL osejoyoxjoydsoyd aaneing
[ 8r1LAL I'resod pid} osexowos! djeydsoydosorr],
Sl 9ST90LAl 91°¢'s Dd gid. ¢ aserowost deydsoyd-g asoqry
8¢ £5790L4r
81 CCTO0LAS 61°'1°'Lc0d qyid aseunjo[nquoydsoyq
I'r 65T90LAf I'eTsOod adi aserownde-¢ ojeydsord-asongry
(4l €6790LAr X992 Ised LV VVV XqqD uajord 10859008 Q)signy
74! €6290L4r 61 1Y 0d §9go  punqgns [fews ‘ese[Axoqred yeydsoydsiq-¢ 1 asonqry
9°'1C €6790L4r 61 1Y 04 799> nungns 931e] ‘asejAxoqreo eydsoydsiq-¢¢1 asomnqry
VNJW uoIssardxa oAR[oYy  OU UOISSOJ0E JueguUAD) 'qO0U OF Qe QUAL) owAzug

LAIOS UIRNS winonjormwnf py ul 9[0Ad Weysseg-uosuog-urA[e)) Y} Ul PIAJOAUT SAUID) *7 A[qEL

p1qo.o1u0on.Li12 4 ul Aydonoueyow drydonony

Inoy 19dey)



b y-8EhY ‘€61 [0112100g [

(1702 “*1p 12 wopeyy)

"Jaseyep [eur) oy ur suonisod g¢¢ Jo 18101 B d1om 219y ], “(uondo uonaop asimired) suosLredwod souanbas asimired

ur AJuo pajeurwi]d a1om eyep Jurssiw pue sded juowugife Surureiuod suonisod [y “o31s 1od suonnirisqns proe ourle Jo SIoquInu Yy} aIe

Sjun pue ‘poyjowl paseq-xLjew JoyAe oy} ursn pandwiod a1om SOOUR)SIP AIBUOIIN[OAD A} ‘9[BOS 0} UMEBIP SI 921} Sururol-1oqu3rou

oy "90uaSIAIp douanbas o, (g syuasaidal Ieq YT "SAyYoURIq S} I8 UMOYS a1k (sajeorydar ggo‘T) senfea densjooq uegquon woiy

paure}qo a1om soouanbas proe ourwe dAneIudsaxday (79g)H) nungns A8Ie] ODSIGNY Ay} Jo sisA[eue d12ud30[Ay  *(3ded )xou) g d1n3iy

“IOQUINU UOISSIUWIWIOD SWAZUY

‘(spoyiowu 29 S[ELINJRIA

93s) a1xmynd pinbip Surmoisd A[enuouodxd ue jo sisA[eue swojdLosuen B £q PIUIRIqO d19M SAUAT Ay JO uondLIdsuRI) JO S[OAJ] SANR[AI Y], ,

80 15290LA1 =TT 0d gdu 1 asejopye oreydsoyd-9-0s01on
7’0 8¥C90LAl 61¢S0d 13d aserowost eydsoyd-9-asoonyn)
01 ST90LAr 6V’ 1 T'1TDd Jmz aseuadoIpAysp-| dreydsoyd-9-asoonin
Tl 95790LA(l Y111 0d pus oseud3orpAyap ojeuoonjgoydsoyd-9
€0 TST90LASl 1€11edd gsvu asguojoejouoon|goydsoyd-9
VNJW uoIssardxa oAR[oYy  OU UOISSOJ0E JueguUAD) 'qO0U OF Qe QUAL) owAzug

(uonenuRUO2) A0S UIRNS Wnd1oLLWNS py Ul [IAD WIBYSSEg-UOSUIE-UIA[R)) U} Ul PIA[OAUL SAUAD) *7 A[qEL

p1qo.o1u0on.Li12 4 ul Aydonoueyow drydonony

Inoy 19dey)



b y-8EhY ‘€61 [0112100g [

(1702 “*1p 12 wopeyy)

viadAL

gradAl

gjadA

oladA

aladAyL

AladAL

ool

nedAyL

00k

66

nedA

(Z8£91€ dA) 6S2GZ DLV SueayLusp snjjioeqoiy |
(190122200 dA) £66£G DD LY SUBPIX00LIS SN|[10BqOIYHIPIdY
(ev6L¥8 dN) 81261 DD LY Boedo.ne SeuoWoSOIN
(ev1LSLL dA) Ureg "13s smensded sn22020jAyjoy
(980L¥2 dA) 18D 16D Eydo.jne SeuoWoSoIN

(8658LE dA) GGZ-AN SGZ-AN /Axspe.bouim je3oeqoiN
(020€6Z dA) VZ1LVN "1S snuiiew sn22090.0[420.d

(92018€ dA) 509609 "ds sn02090y08UAS
(z1£51avg) snuLew oLiqirousbo.pAH

7

00l

€5

0ol

B (0¥80LL dA) LOE9 DDd Snjebuoje snoo020ysuAs
(£152981L00 dA) Z0LEL DDd dwLojipound 20jsoN
(L0¥¥ZE dA) €L¥6Z DD LV SliiqeLieA euseqeuy
(S0¥8G6 dN) HipJeyure. seuowopAweyd
(895/2d) eaipuejjoy x11yj0.0jy20.d
(Z¥0G€2100 dA) 200 DOd "ds SN22090y28UAS €5
9$09/0 9€ OINLIBA — 09
9GYE£90 oy 0OONLIDA 00}
099170 q¢ OONUIDA 0ol
AloS wnoajjoriewny wnjiydipoejAyyap
(9166£6100 dA) YA wnuoutajur wnjiydiproeiAyzayy I 001
(£99Z1€1L00 dA) 6LFINSM de2IpaW Wniqoziyiouls 00l

66

[23

(€9evSE dA) L''Z Seplosseyds Jajoeqopoyy ool 6
(290€¥6 dN) 9LH eydosjna ejuojsiey
(92519€200 dA) 219 SLysoA[IS ej[a20jAyjop 06

(g2z69/ dN) 011 Yasn wnoauodef wniqoziyiApeig

(2568170) LV6-G8IS SuepAxouebuew seuowueiny

L (51269399) (eJayhxo sijiqesiwolAylaN smepipue),
(9¥2v0avV) erew ed elewred

(Y5970 dN) sisuauls ejjouopQ

(80£9€6100 dA) €62 STIN omiysese ewbsosopoH

0oL

S0°0

p1qo.o1u0on.Li12 4 ul Aydonoueyow drydonony

Inoy 19dey)



b y-8EhY ‘€61 [0112100g [ (110T v 12 wopeyy)

"SMOLIE 9JIYM (LM POJRIIPUL AIB SAUIT JOY)() "SMOLIE AIT [}IM PIJEdIPUL 918 UOIBULIO] SWIOSAX0QIED Ul PIAJOAUL SAUID)
(@ pue D ‘g V) ODsigny [ wioj jo sadAy e 0 paredwod ‘pA urens wnioudaful wnjiydipiovidyjapy pue A0S UIRNS wnd1joLmuny
wniydiprovjdylopy Ul (Smoire oe[q) 9[0Ad (ggD) weysseg-uosuag-uiA[e)) oY) I0J JuIpoous sauael Jo juoweSuelly °¢ INSLy

A wnioussyul wnjjydipioeiAy3ap 8 AIoS wnajjoLiewny winjiydipioe/Aysy

Y A
L) A_r nv 31 0dAy
gdiw 7992~ Sq92 xq9°  gud am

sisuauls ejjapuopo

<LHKKIEK KK — I 0>

7990~ 992
2719 sujsaAis ej[ao0jAyrop

) p e wp wmp ) mh )

HSAT ayd 7992 §992 X992 0

0LL vasn wnojuodef wniqoziyihpeig
=0 > o
ysA1 gud gy veq 1992 $992 xqq>  adi

1L0€9 DOd snpebuojs sn22020ysouls

S e T - =

MWodTW2d Wwdd  NWId QUId 7992 $9q2

19)Sn|2 swosAxoqied-y

yjeg snjejnsdes snasoaojfyyop

AH:HV%@%ﬁ [ v_ v_ V_HV_HVI byl edAy

0992
mcomoo ‘ds snoosoooyosauls

{1 Dm—_pH DEDNHC—_DC > v
1S0S9 7992 Zs0s2 £50s9 w2

19)sNn|d awosAxoqJed-n

p1qo.o1uoIn.Lia,) ur Aydonoueyiouwr srydonony 1oy 1adey)



Chapter Four Autotrophic methanotrophy in Verrucomicrobia

Discussion

Carbon fixation by methanotrophs has been a topic of research for decades, and
the assimilation via the CBB cycle by proteobacterial methanotrophs is unlikely,
because CBB is associated with high ATP requirements (Chistoserdova et al.,
2009). Although M. capsulatus Bath possesses CBB cycle genes (Ward et al.,
2004), physiological evidence for an active CBB cycle is lacking thus far.
However, available genome data from verrucomicrobial methanotrophs (Hou ef al.,
2008; Pol et al., 2007) point to an autotrophic lifestyle of these microbes.

In the present study, the transcriptome analysis of M. fumariolicum strain SolV
showed that all of the genes for the enzymes necessary for a CBB cycle are
expressed, most prominently the genes encoding for RuBisCO. The cbbR gene
(encoding the RuBisCO operon transcriptional regulator) is present, but its
expression is low (only 0.1). On the V4 genome, this gene seems to be coupled to
nitrate transport and reduction (Hou et al., 2008). Whether this gene is involved in
regulation of the RuBisCO operon needs to be resolved.

On SDS-PAGE gels, RuBisCO was identified as one of the most dominant
proteins in the cell extracts of strain SolV. Using a novel *CO, incorporation
assay, we showed the high specific activity of RuBisCO [70 nmol CO, fixed min™’
(mg of protein)']. This activity is similar to that reported for other autotrophic
bacteria (Cannon & Shively, 1983) and corresponds well with the maximum
specific growth rate of 0.07 h™' (doubling time, 10 h), assuming dry cells contain
50 % carbon and 70 % protein.

As RuBisCO was found only in the clarified cell extract, we conclude that
RuBisCO is not densely packed into polyhedral inclusion bodies (carboxysomes),
which generally sediment upon centrifugation at 10,000 x g and 40,000 x g
(Gongzales et al., 2005; Price et al., 1992). In addition, the genome data did not
show any proteins that could encode carboxysomal shell proteins. Carboxysomes
are encountered in cyanobacteria and in a limited number of chemoautotrophs like
sulfur- or sulfide-oxidizing and nitrifying bacteria (Yeates et al., 2008). These
compartments are thought to enhance the concentration of CO, for RuBisCO,
which has a low affinity for CO,. Microorganisms, which contain carboxysomes,
are able to grow at ambient CO, concentration; however, our batch incubations

have demonstrated that strain SolV needs a high CO, concentration for growth

(Khadem et al., 2011) 97 J Bacteriol 193, 4438-4446



Chapter Four Autotrophic methanotrophy in Verrucomicrobia

(above 0.3 %), in agreement with a free form of RuBisCO. Furthermore, the
volcanic regions from which the verrucomicrobial methanotrophs were isolated
exhibit high CO, concentrations (Castaldi & Tedesco, 2005). In these
environments, there is apparently no need to sequester CO..

Based on the apparent molecular masses of the native RuBisCO protein and the
two subunits, we predict that it forms an octomeric complex (LgSg). This form of
RuBisCO is typical for all form I RuBisCOs, which are composed of four large-
subunit dimers (L2) with small subunits (S) decorating the top and bottom of the
L8 octomeric core (Tabita et al., 2008).

Phylogenetic analysis and the gene arrangement of the RuBisCOs from two
thermophilic Methylacidiphilum strains positions them in a separate cluster within
form I RuBisCOs, for which we propose the name type IE. Based on gene
arrangement, the verrucomicrobial RuBisCO is most closely related to RuBisCO
type IC (Badger & Bek, 2008). The cbbX cbbS cbbL operon arrangement is typical
for type IC and type IE and not typical for other form I enzymes. The IC form has
medium to low affinity for CO,, indicating an adaptation to environments with
medium to high CO, but with O, present, and microorganisms having type IC
RuBisCO do not possess carboxysomes (Badger & Bek, 2008). This
verrucomicrobial RuBisCO type has not been detected before by molecular
approaches. This can be explained by the mismatches we observed when
comparing the Methylacidiphilum-type cbbL sequence with all the available
RuBisCO primers sets (Alfreider et al., 2009; Elsaied et al., 2007; Selesi et al.,
2007; Tourova et al., 2010).

The "C label percentage in the biomass of both the batch and the chemostat
experiments was in complete accordance with the ">C label percentage of CO; in
the cultures and confirms that biomass carbon was derived exclusively from CO,.
If CO, is the only carbon source in M. fumariolicum strain SolV, it can be
anticipated that CH, is completely oxidized into CO,. This was demonstrated by
the recovery study of *CHy (see Results). If intermediates of CH, oxidation (which
are fully "°C labeled) were incorporated, the recovery of label into CO, would have
been much lower: about 66 % for the ribulose monophosphate pathway and 79 %
or 76 % for the serine pathway (see results [Table 1]).

(Khadem et al., 2011) 98 J Bacteriol 193, 4438-4446
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The autotrophic nature of verrucomicrobial methanotrophs has large
consequences for their detection in the environment. The presence of active
methanotrophs has been assessed by isotope-based techniques, like stable isotope
probing and phospholipid fatty-acid labeling, which rely on the incorporation of
labeled CH4 into DNA/RNA or lipids, respectively. Such methods will overlook
the involvement of these autotrophic methanotrophs, especially in environments

with high CO, concentrations.

(Khadem et al., 2011) 99 J Bacteriol 193, 4438-4446
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Conclusion

M. fumariolicum strain SolV is an autotrophic methanotroph. It fixes CO, via the
CBB cycle, with CH,4 as the energy source.

It uses a non-carboxysome-associated RuBisCO, in agreement with a high
requirement for CO,. RuBisCO in verrucomicrobial methanotrophs form a new
group most closely related to type IC.

To proof that M. fumariolicum, is an autotrophic microorganism, using the CBB
cycle, knockout and complementation studies are required, but this has to await the

development of a genetic system.
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Abstract

“Candidatus Methylacidiphilum fumariolicum” SolV is a verrucomicrobial
methanotroph that can grow in extremely acidic environments at high temperature.
Strain SolV fixes carbon dioxide (CO,) via the Calvin-Benson-Bassham cycle with
methane as energy source, a trait so far very unusual in methanotrophs. In this
study, the ability of “Ca. M. fumariolicum™ to store carbon was explored by
genome analysis, physiological studies and electron microscopy. When cell
cultures were depleted for nitrogen, glycogen storage was clearly observed in
cytoplasmic storage vesicles by electron microscopy. After cessation of growth, the
dry weight kept increasing and the bacteria were filled up almost entirely by
glycogen. This was confirmed by biochemical analysis, which showed that
glycogen accumulated to 36 % of the total dry weight of the cells. When methane
was removed from the culture, this glycogen was consumed within 47 days. During
the period of glycogen consumption, the bacteria kept their viability high when
compared to bacteria without glycogen (from cultures growing exponentially). The
latter bacteria lost viability already after a few days when starved for methane.
Analysis of the draft genome of “Ca. M. fumariolicum” SolV demonstrated that all
known genes for glycogen storage and degradation were present and also
transcribed. Phylogenetic analysis of these genes showed that they form a separate
cluster with “Ca. M. infernorum” V4, and the most closely related other sequences
only have an identity of 40 %. This study presents the first physiological evidence
of glycogen storage in the phylum Verrucomicrobia and indicates that carbon

storage is important for survival at times of methane starvation.
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Introduction

The use of methane (CHy) as carbon and energy source distinguishes the aerobic
methanotrophs as a unique group within the methylotrophs. Aerobic methanotrophs
are found within the Proteobacteria, Verrucomicrobia and the NC10 phylum
(Ettwig et al., 2010; Hanson & Hanson, 1996; Op den Camp et al., 2009; Semrau
et al., 2010).

The verrucomicrobial —methanotrophs, for which the genus name
“Methylacidiphilum” was proposed (Op den Camp et al., 2009), were recently
discovered. They were isolated in pure cultures from volcanic regions (Dunfield et
al., 2007; Islam et al., 2008; Pol et al., 2007), which may be important natural
sources of methane (Castaldi & Tedesco, 2005; Kvenvolden & Rogers, 2005). The
verrucomicrobial methanotrophic bacteria are able to grow in these highly acidic
and hot conditions and might have an essential role in reducing global methane
emissions into the atmosphere.

“Ca. Methylacidiphilum fumariolicum™ strain SolV is one of the
thermoacidophilic verrucomicrobial methanotrophs and its physiology has been
studied in some detail. This microorganism can use ammonium, nitrate or
atmospheric nitrogen as nitrogen source (Khadem et al., 2010; Pol et al., 2007),
and fixes carbon dioxide (CO,) into biomass via the Calvin-Benson-Bassham
cycle, using methane as its energy source (Khadem et al., 2011). The latter is in
contrast to proteobacterial methanotrophs that use formaldehyde in the ribulose
monophosphate pathway (type 1) or the serine pathway (type II) for carbon
assimilation (Chistoserdova et al., 2009; Semrau et al., 2010).

This study focuses on the growth response of “Ca. M. fumariolicum” during
nitrogen depletion. When nitrogen is limited and carbon compounds are in excess,
methanotrophs, as many other bacteria (Wanner & Egli, 1990 and references
therein), start to accumulate carbon-rich reserve polymers, such as poly-3-
hydroxybutyrate (PHB) or glycogen (Eshinimaev et al., 2002; Linton & Cripps,
1978; Pieja et al., 2011 a and references therein). The cells of “Ca. M.
fumariolicum” are rod-shaped and have a length of 0.8-2.0 um and a width of 0.4-
0.6 um (Op den Camp et al., 2009). Electron microscopy demonstrated the
presence of intracellular inclusions in all three “Methylacidiphilum” strains (Islam
et al., 2008; Op den Camp et al., 2009; Pol et al., 2007), which might represent
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storage material. Genes encoding for PHB synthesis are absent from the genomes
of the “Methylacidiphilum” strains, as is also the case for type I proteobacterial
methanotrophs (Hou et al., 2008; Khadem et al., 2012 b; Pieja et al., 2011 a).
However, based on the draft genome of “Ca. M. fumariolicum”, genes encoding
for glycogen metabolism are predicted (Khadem et al., 2012 b).

This study combines growth experiments, transcriptome analysis, electron
microscopy and biochemical analysis to elucidate the ability of glycogen storage in
“Ca. M. fumariolicum” SolV.
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Materials & methods
Organism & medium composition for growth

“Ca. Methylacidiphilum fumariolicum” strain SolV used in this study was
originally isolated from the Solfatara volcano, near Naples, Italy (Pol ef al., 2007).

“Ca. M. fumariolicum” was grown in the standard medium (pH 2) as described
before (Khadem et al., 2010), with 10 % (v/v) liquid mud pool extract and 2 mM of

ammonium.
Materials

PC-labeled CO, was prepared by injecting a 0.6 M NaH"CO; (99 % "C)
solution into a solution of 1.2 M HCI in a closed 60 ml serum bottle. The
headspace was then used as source of “C-labeled CO,. “C-labeled CH4 (99 %

atom % "*C) was obtained from Sigma-Aldrich.
Fed-batch cultivation

Cultivation of “Ca. M. fumariolicum™ SolV was performed in a 10 L fermentor
(Applikon, Schiedam, the Netherlands). The medium (5 liter) contained 1.2 mM
ammonium. A gas mixture of (all in v/v); 9.5 % methane (CH,4), 23.9 % carbon
dioxide (CO,) and 66.6 % air, was supplied to the fermentor in a continuous flow.
The oxygen sensor showed a dissolved oxygen level of 8.8 % at the onset of
cultivation. The pH of the medium was set with sulfuric acid at pH 2 and remained
close to pH 2 during growth. The temperature and agitation speed were set to 55 °C
and 1,000 r.p.m., respectively.

To determine the dry weight, samples of 10 ml from the culture suspension were
filtered through pre-weighed 0.45 um filters and dried to constant weight in a

vacuum oven at 70 °C.
Batch cultivation

Batch incubations were performed in serum bottles containing 5 % (v/v)

medium. The bottles were sealed with red butyl rubber stoppers (Rubber B.V.,
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Hilversum, the Netherlands). The headspace contained air as the source of oxygen,
and CHy and CO, concentrations of 10 % and 5 % (v/v), respectively. The
incubations were performed in duplicate at 55 °C with shaking at 180 r.p.m.

In the experiments where methane was removed from the bottles, the cell
suspension was sparged with air for about 5 min and 5 % (v/v) CO, was added

after sealing.
Cell extracts

Cells were collected by centrifugation (4,000 x g, 4 °C, 10 min). The cell pellet
was washed twice in phosphate-buffer (20 mM, pH 7.1) and resuspended in the
same buffer. The suspension, which had a final pH of 6, was passed 4 times
through a French press at 20,000 psi and cell lysis (at least 90 %) was confirmed by
counting DAPI stained cells with light microscopy. Unbroken cells and cell debris
were removed from the resulting crude extract by centrifugation at 12,000 x g for
30 min (4 °C, Sorvall SS-34 rotor).

Gas analysis

Methane (CHy4) was analyzed on a HP 5890 gas chromatograph (Agilent, USA)
equipped with a Porapak Q column (1.8 m x 2 mm) and a flame ionization
detector. °C and "C-labeled carbon dioxide (CO,) were analyzed on an Agilent
series 6890 gas chromatograph (Agilent, USA) equipped with a Porapak Q and a
Molecular sieve column, coupled to a thermal conductivity detector and mass
spectrometer (GC-MS) (Agilent 5975C inert MSD; Agilent, USA) as described
before (Ettwig et al., 2008). For all gas analyses, 100 ul sample of gas was injected

into the gas chromatograph.
Elemental analysis

The cells were harvested by centrifugation, after which the pellet was washed
with demineralized water and dried overnight in a vacuum oven at 70 °C. The dried
material (about 0.4 mg) was analyzed on a Thermo Fisher Scientific EA 1110 CHN
element analyzer coupled to a Finnigan DeltaPlus mass spectrometer.
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Ammonium & protein analyses

Ammonium concentrations were measured using the ortho-phthaldialdehyde
(OPA) method (Taylor et al., 1974). Protein concentrations were measured using
the bicinchoninic acid (BCA) assay as described before (Ettwig et al., 2008).

Light microscopy

Cell numbers were determined by counting cells in 30 fields (volume per field
2.5 x 10 cm’) of a hemocytometer slide, using an Axioplan 2 imaging phase

contrast microscope (Carl Zeiss B.V.).
Glycogen assay

The concentration of glycogen in the crude extracts was determined by a two-
step enzymatic assay. To enhance the enzyme accessibility of the glycogen
granules, crude extracts were first shaken for 10 minutes at 30 s~ with glass beads
(80-110 pm in diameter) in a Retsch MM 301 ball mill. The bead-beaten crude
extracts (in triplicate) were then incubated with amyloglucosidase (35 units per ml
crud extract in the case of transition phase I and II cells, and 17.5 units per ml
crude extract for the exponential phase cells) from Aspergillus niger (Sigma
Aldrich) in 0.05 M acetate buffer (pH 4.8) for 4 h at 45 °C to convert glycogen into
glucose. In the second step the resulting glucose was quantified by the glucose
oxidase kit (Sigma Aldrich). To correct for the amount of glucose already present
in the crude extracts, controls of bead-beaten crude extracts that did not undergo

amyloglucosidase incubation were also analyzed.
Chemical fixation & Epon embedding

“Ca. M. fumariolicum” cells were fixed in Karnovsky fixative (2 %
paraformaldehyde, 2.5 % glutaraldehyde, 0.025 mM CacCl, and 0.05 mM MgCl, in
0.08 M sodiumcacodylate buffer pH 7.4) at 4 °C for a maximum of 17 days. The
cells were then resuspended in 0.1 M sodiumcacodylate buffer (pH 7.4) for 15 min,
followed by a post-fixation for 2 h in 1 % OsO,4 and 1.5 % K4FeCNg in 0.08 M
sodiumcacodylate buffer (pH 7.4) on ice in the dark. After washing with MilliQ

(Khadem et al., 2012) 108 Front Microbiol Submitted



Chapter Five Carbon storage in “Ca. Methylacidiphilum fumariolicum” strain SolV

water, the cells were dehydrated in a graded ethanol series (70-100 %). Samples
were gradually infiltrated with Epon resin. Polymerization of Epon took place at 60
°C for 72 hours. Ultrathin sections (60-70 nm) of the Epon-embedded cells were
cut with the use of a glass knife in a Leica Ultracut UCT microtome.

Before investigation, the sections were post-stained by incubating the grids on
drops of 4 % uranyl acetate in MilliQ water (30 min in the dark) and 2 min in
Reynolds lead citrate stain (Reynolds, 1963), with MilliQ washing in between and
afterwards. The sections were then investigated in a TEM 1010, JEOL transmission

electron microscope. 50 cells were used for each analysis.
Polysaccharide (glycogen) stain

Ultrathin sections of chemically fixed “Ca. M. fumariolicum” cells (as described
above) were treated with the polysaccharide stain as described previously (van
Niftrik et al., 2008). In this method, electron dense silver albumin aggregates

indicate the presence of polysaccharide molecules.
Glycogen metabolism genes

Genes encoding proteins involved in glycogen metabolism were identified in the
available draft genome of strain SolV by Blast searches, (Khadem et al., 2012 b)
which also showed amino acid identities to homologous proteins. Representative
reference glgA sequences, encoding the glycogen synthase, were obtained from
GenBank and aligned using the MUSCLE aligner in MEGA 5.0 (Tamura et al.,
2011). Phylogenetic trees were calculated using the neighbor-joining method with
1,000 bootstraps to infer the evolutionary relationship. Positions containing
alignment gaps and missing data were eliminated only in pairwise sequence
comparisons (pairwise deletion option). The Dayhoff matrix-based method was
used to compute the evolutionary distances.

For transcriptome analysis RNA was extracted from exponentially growing cells
as described before (Khadem et al., 2011). After synthesis of cDNA, single-end
[llumina sequencing was performed and transcription analysis was performed using
the RNA-Seq Analysis tool from the CLC Genomic Workbench software (version
5.0, CLC-Bio, Aarhus, Danmark) and values are expressed as RPKM (Reads Per

Kilobase of exon model per Million mapped reads; Mortazavi et al., 2008).
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Results

Growth response of “Ca. M. fumariolicum” wupon nitrogen
depletion

In order to study the growth response of “Ca. M. fumariolicum” SolV upon
nitrogen depletion, the bacteria were cultivated in a fermentor with methane in
excess and ammonium as nitrogen source. The dissolved oxygen concentration in
the culture was always maintained above 2 % O, which prohibits nitrogen fixation
to occur (Khadem et al., 2010). After ammonium was depleted, an unexpectedly
large increase in optical density was observed that occurred in two phases (Fig.
1A). During the first phase (transition phase 1) that lasted 1.5 days, both the cell
numbers and optical density doubled. At the end of this phase a shoulder in the
optical density curve was observed. This seemed to be caused by the fact that
growth of the culture stopped, because cell numbers remained more or less
constant (Figs. 1A and 1B). However, the optical density still increased for 7 more
days (transition phase II).

To exclude any possibility of nitrogen fixation following ammonium depletion,
the nitrogen in the headspace of the batch incubations was replaced by argon.
Before starting the batch incubation, the cultures undergoing exponential growth
were washed and put in an ammonium-free medium (methane was present). In
these bottles, the same growth pattern was observed as in bottles with nitrogen in
the headspace.

Figure 1 (next page). Growth response of “Ca. M. fumariolicum” SolV upon
ammonium depletion. (A) Growth was monitored by measuring increase in optical
density (closed triangles) and dry weight (open circles). Error bars represent S.E.M.
(n = 4). Concentration of ammonium is represented by open triangles. After 1.5 days
of exponential growth (max = 0.07 h™") ammonium was depleted and two phases were
observed, indicated by dashed lines and the symbols I and II. At day 11 (arrow), cell
cultures were diluted into ammonium containing medium, but without methane
added. To compare with the original optical density and cell numbers, values were
multiplied by the dilution factor. (B) Cell numbers per ml cell culture of “Ca. M.
Sfumariolicum” SolV (solid circles). Error bars represent S.E.M. (n = 30). (C) Total
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protein (solid line), determined in the crude extracts prepared from harvested cells and

carbon to nitrogen ratio of the harvested cells (dashed line). Error bars represent

S.EM. (n =4-5).
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In addition, growth by uptake of exogenous sources of nitrogen (produced
during the exponential phase by “Ca. M. fumariolicum) was excluded. This was
done by incubating washed cultures from the exponential phase in medium
obtained from a culture at the end of transition phase II. Since no increase in
growth parameters was observed in these transition phase II cultures, it could be
concluded that all nitrogen in the medium was depleted by the cultures. Again, the
same growth pattern was observed as for transition phase I. Moreover, the protein
content of the culture remained constant after ammonium depletion (Fig. 1C).

The changes during transition phase I were studied in more detail in separate
cultures with higher cell concentrations (higher initial ammonium concentration).
These yielded more accurate dry weight values and allowed preparing adequate
quantities of crude cell extracts. Cultures grew exponentially till ammonium was
depleted, after which the metabolic rate changed abruptly as indicated by a sharp
increase in the dissolved oxygen concentration and the growth rate dropped
gradually (Fig. 2A). The total nitrogen content of the culture remained constant as
inferred from analysis of crude extract of harvested cells (Fig. 2B). As cell
numbers (Fig. 1B), total carbon and dry weight were all almost doubled during this
phase (Figs. 2B and 2C) and cells maintained their normal size, the protein content
per cell must have been reduced by half. The consequence of this change of protein
content of the cell wall and cytosol was investigated by analyzing the pellet and
supernatant fractions of crude extracts of cells at the start (exponentially grown)
and the end of transition phase I. When expressed per ml culture, a clear shift of
proteins and total nitrogen was observed from the supernatant to the pellet fraction,
for which the protein content almost doubled (Figs. 3A and 3B). As the cell
numbers in the culture doubled, it means that when results are expressed per cell,
the protein and total nitrogen content of the pelleted fraction remained constant at
the expense of the supernatant fraction of which the proteins content dropped by a
factor of 3 (Figs. 4A and 4B). In contrast to total nitrogen, total carbon in the pellet
fraction increased more than 4 times for the total culture and more than 2 times
when expressed per cell (Figs. 3C and 4C). This high content of carbon pointed to

intracellular particulate storage material.
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Figure 2. Growth response of “Ca. M. fumariolicum™ SolV upon ammonium
depletion during transition phase I (the start is indicated by the dashed line). (A) The
optical density (closed triangles), ammonium (open triangles) and dissolved oxygen in
culture medium (open circles). (B) Total nitrogen (closed squares) and total carbon

(open squares). (C) Dry weight (open circles). Error bars represent S.E.M. (n =5).
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(n=4).

This storage seems to continue in transition phase II, where the carbon to

nitrogen ratio and dry weight increased at stabilizing cell numbers (Fig. 1). Storage

of an insoluble form of carbon was most evident from the strong increase in the

carbon to nitrogen ratio of the pellet fraction of crude cell extract in both phases

(Fig. 5).
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Figure 5. Carbon to nitrogen ratio (mg/mg) in the crude extract, 12,000 x g
supernatant and 12,000 x g pellet prepared from cells harvested in the exponential
phase (grey bars), at the end of transition phase I (dashed bars) and II (white bars).
Error bars represent S.E.M. (n = 3).

Transmission electron microscopic investigation of the cells

The ultrastructure of “Ca. M. fumariolicum” cells from three different growth
phases (exponential, end transition phase I and II) was studied by transmission
electron microscopy. Circular or ellipsoid (electron light) bodies were observed in
high amounts in cells at the end of transition phase I and II (Fig. 6 (white arrows)
and Table 1). This resulted in a dense occupation of the whole cell area (as seen in
the thin-sections) by these bodies. A specific electron microscopical stain
performed on cells from transition phase Il confirmed that these bodies consist of
polysaccharide (Fig. 7). In exponential cells these bodies could be discriminated,
but only in low numbers and smaller in size.

In addition, some “Ca. M. fumariolicum” cells feature an elliptical to circular
body (100-200 nm in diameter) of high electron density (appears black in images;
Fig. 6 (black arrows)). In most cases only one of these electron dense bodies seems
to be present per “Ca. M. fumariolicum” cell, although dividing cells occasionally
show two electron dense bodies.
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Figure 6. Transmission electron micrographs showing chemically fixed, Epon-
embedded thin sections of M. fumariolicum cells in different growth phases. (A) Cell
from the exponential phase. (B) Cells taken at the end of transition phase I. (C) Cells
taken at the end of transition phase II. Electron light particles (white arrows) are
seen in all growth phases, but are especially abundant in cells of transition phase I and

II. Electron dense particles (black arrows) are present in all growth phases. Scale bars,
200 nm.
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Figure 7. Transmission electron micrographs showing glycogen staining of
chemically fixed, Epon-embedded thin sections of M. fumariolicum cells in transition
phase II. (A) Glycogen staining is seen in the otherwise electron light particles
abundantly present in the cytoplasm. (B) Zoom-in of the box drawn in (A). (C)

Negative control incubated with water instead of periodic acid. Scale bars, 100 nm.
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Glycogen metabolism genes

In the draft genome of strain SolV (Khadem et al., 2012 b) genes encoding for
glycogen synthesis (glgA, glgB and glgC) and degradation (glgP, glgX, gdb and
pgm) were present (Table 2). All genes were present in a single copy except for
glgP encoding the glycogen phosphorylase for which strain SolV possesses 3
copies. All genes showed orthologs in “Ca. M. infernorum” V4 (Hou et al., 2008)
with amino acid identities ranging from 70-89 %. Compared to this, identities to
other more distantly related species were always below 47-61 %. Phylogenetic
analysis of the glycogen synthase (encoded by glgd) showed that the
verrucomicrobial methanotrophs form a separate cluster (Fig. 8).

Messenger RNA analysis of cells from an exponentially growing culture by
RNA-Seq showed transcription of the aforementioned genes comparable to house-
keeping genes (Table 2 and Khadem et al., 2012 a). RNA-Seq analysis of nitrogen
fixing cells and cells under low oxygen concentration showed comparable
transcription levels of glycogen synthesis/degradation genes (Khadem et a/, 2012
a). Key genes involved in poly-3-hydroxybutyrate (PHB) synthesis (phaC, phaA,
phaB) are absent.

Figure 8 (mext page). Phylogenetic analysis of glycogen synthases (glg4).
Representative amino acid sequences were obtained from GenBank. The evolutionary
history was inferred using the maximum-likelihood method based on the Dayhoff
matrix-based model. The consensus bootstrap tree is shown. Initial tree(s) for the
heuristic search were obtained automatically as follows. When the number of
common sites was < 100 or less than one fourth of the total number of sites, the
maximum parsimony method was used; otherwise BIONJ method with MCL distance
matrix was used. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site. The bar represents 20 % sequence divergence. The
analysis involved 39 amino acid sequences. All positions containing gaps and missing

data were eliminated. There were a total of 434 positions in the final dataset.
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Glycogen assay

To confirm the presence of glycogen as a carbon storage compound in “Ca.
M. fumariolicum”, a glycogen assay was performed on crude cell extracts prepared
from bacteria from an exponentially growing culture and from a culture obtained at
the end of transition phase I and II. The glycogen amount as a percentage of dry
weight in the crude extracts was 2 % for the exponentially growing culture, 26 %
and 36 % for the culture obtained at the end of transition phase I and II,

respectively.
Glycogen consumption & function

The consumption of glycogen was detected by the release of *C-labeled CO,
from cells that had accumulated "*C-labeled glycogen. Accumulation of "*C
containing glycogen was achieved by growing cultures till late transition phase II
in the presence of both *C-labeled methane and carbon dioxide. When such cells
are transferred to a medium without methane, stored glycogen is likely to be
consumed to meet the energy requirement of the starving cells, and thus “C-
labeled CO, is produced. The ratio of '*C/"*C was determined accurately by GC-
MS analysis, against a background of 10 % unlabeled CO; in the culture bottles.
During the first day a rapid *CO, production was observed (initial rate of 5 pmol
BCO, produced (mg dry weight of cells)' day'; Fig. 9). This rate dropped
gradually to a linear rate of 0.2 pmol *CO, produced (mg dry weight of cells)™
day™', which did not change at least till day 28. The total amount of *CO, produced
over this period was calculated to be 51.4 + 1.9 umol of *CO, (n = 4). On basis of
the glycogen content of the cells (36 % of 4.4 mg dry weight of cells), 9.8 umol of
BC-labeled glycogen was introduced in the incubation. This could result in a
maximum of 58.6 pmol of *CO, to be produced. This means that about 88 % of
the *C-labeled glycogen was recovered as °CO,. In a parallel experiment it was
shown that *CO, production ceased after about 47 days of starvation and during
this extended period an additional 9 % of the glycogen was converted to *CO,
(data not shown). The control incubations with C-labeled cells from the
exponential phase produced only small amounts of *CO,, and at lower initial rate

(1 pmol CO, produced (mg dry weight of cells)' day™'), and this production
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ceased after 3 days. This corresponded with the observation that cells from cultures
growing exponentially contained little glycogen (based on both electron
microscopy and biochemical analysis).

The possibility of growth on stored glycogen was investigated in a similar
experiment as described above without *C-labeling. For this study, cultures that
had accumulated glycogen (obtained at the end of transition phase II; Figs. 1A and
1B) were diluted and transferred to a medium without methane but with 2 mM of
ammonium in order to allow growth. During 10 days of starvation, in which the
BC-labeling experiments suggested that most of the glycogen was already
consumed, no growth was observed as cell numbers remained the same (Fig. 1B).
The optical density decreased rapidly during this incubation (Fig. 1A), probably as
a result of glycogen consumption. In a parallel experiment in presence of methane
(and no ammonium), the optical density was stable in this period (data not shown).
Apparently glycogen in the cell caused some more light scattering; this effect was
also observed during the transition phase II, were only glycogen was produced, the
optical density increased while cell numbers remained constant (size differences of

the bacteria at the different growth phases were only marginal).

Figure 9. "“CO, production

12
‘2 originating from "*C-glycogen
g',’ 10 loaded cells (4.4 mg dry weight),
z obtained at the end of the
2 8 transition phase II (closed
E 6 circles). Exponential cells (2.1
2 mg dry weight; open triangles)
.é 4 served as a control. CO,
3 measured after 1 hour of
a 2 — incubation at 55 °C, was
§ subtracted from all measured

0

values during the experiment.
0 5 10 15 20 25 30 35
Error bars represent SSEM. (n =

Time (days) 4)
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To study the role of glycogen in viability of the cells, a long-term (70 days)
starvation experiment for methane was performed with cultures undergoing
exponential growth and cultures that were in transition phase II for 20 days.
Exponentially growing cultures were grown till the moment that all ammonium
was consumed and the starvation for both cell types was initiated by removing
methane from the headspace of the bottles. During the starvation period, cell
numbers of both cell types gradually decreased during methane starvation. The cell
numbers decreased by a factor of 4.5 in the case of cells obtained from
exponentially grown cultures and by a factor 2.4 in the case of cells obtained at the
end of transition phase II. The lag phase observed upon recultivation in optimal
growth conditions was taken as a measure of viability of the remaining cultures of
both types. Exponentially grown cultures were losing viability rapidly after 4 days
of methane starvation (Fig. 10). Recultivation starting from glycogen loaded
cultures showed a lag phase (28 h) from the start. This lag phase remained
unchanged for about 40 days of methane starvation (Fig. 10). Only after 45 days
the lag phase of glycogen loaded cells increased, pointing to a depletion of the
stored glycogen (Fig. 10). This is well in accordance with the results of *C-labeled
glycogen consumption experiment, which showed that in about 47 days all

glycogen in the cells was consumed.

Figure 10. Viability and recovery of 200 7

glycogen containing “Ca. M. fumar-

iolicum” SolV cells (closed triangles) 150 -

and exponential growing cells (open g

circles) after  methane and 2

ammonium starvation for different E 100 1

periods of time. At time 0, cells were §

inoculated into optimal medium (4 - 50 -

mM ammonium and methane in the y

headspace) and lag phases were

recorded. Error bars represent S.E.M. 0 - ' ' ' '
0 20 40 60 80

(n=4).

Starvation (days)
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Discussion

Many bacteria store carbon when nitrogen becomes growth limiting (Wanner &
Egli, 1990 and references therein). Methanotrophs are also known for their ability
to store carbon, either in the form of poly-3-hydroxybutyrate (PHB), glycogen or
by exopolysaccharide (EPS) production. Many studies have focused on PHB
storage and its role in methanotrophs, and the genes involved in its synthesis (Pieja
et al., 2011 a and b). In addition, EPS production in multiple methanotrophs has
been studied in some detail (Malashenko ef al., 2001). However, detailed studies
about glycogen production and its role in methanotrophs are scarce (Eshinimaev et
al., 2002; Khmelenina et al., 1999; Linton & Cripps, 1978). In these studies,
usually only the presence of glycogen is reported in these microorganisms based on
basic electron microscopic observations, without specific staining.

Although the electron microscopic polysaccharide stain used in our study is not
specific for glycogen (Bradbury & Stoward, 1967), our results in combination with
the biochemical assay clearly show the presence of glucose polymers in strain
SolV. As all the genes for glycogen production and consumption were shown to be
present and transcribed, this glucose polymer is most likely glycogen. For more
definite proof a biochemical analysis of chain length and type of branching will be
necessary.

Based on the growth experiments, it can be assumed that glycogen storage starts
soon after ammonium depletion in the medium. However, the glycogen
measurements, electron microscopic observations and the transcriptome data
suggest that there was a little bit of glycogen produced during exponential phase.
Electron microscopy showed that at the end of the transition phase I (1.5 days after
ammonium depletion), cells were packed with glycogen bodies. In addition, the
strong increase in total amount of carbon in the pellet fraction per cell, pointed to
glycogen storage in phase I.

The increase in dry weight and total carbon (mg per ml cell culture) in transition
phase I was not only due to glycogen storage (26 % of the dry weight), but also to
cell growth, since cell numbers doubled. This growth was not due to other nitrogen
sources present in the medium or nitrogen fixation. Nitrogen fixation would also be
impossible since dissolved oxygen concentrations in the cultures were too high to

support nitrogen fixation by “Ca. M. fumariolicum” (Khadem et al., 2010).
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Moreover, the total protein and nitrogen content (mg per ml cell culture) stabilized
immediately after ammonium depletion. The observation that the amount of protein
and total nitrogen (mg per ml cell culture) in the pellet fraction of the crude
extracts doubled, was in accordance with the doubling of cell numbers.

Completion of cell division once DNA replication has started, seems to be a
strong regulating factor when growth substrates are limiting as has been
documented before (Wanner & Egli, 1990 and references therein). While some
bacteria become smaller under such conditions (reductive cell division), strain
SolV maintained its normal shape and size.

On basis of the carbon percentages, the changes in carbon to nitrogen ratio and
assuming a constant amount of nitrogen at the start and end of transition phase II
we calculated that dry weight in this phase should have increased about 20 %. The
measured increase (based on weighing) was about 30 %. The increase of the
glycogen percentage from 26 to 36 % can account for only 15 % of the dry weight
increase. The observed biomass increase may have resulted from some ongoing
growth in this phase, but the increase in cell numbers was too small to result in a
significant difference.

Under the circumstances tested (nitrogen depletion), the maximum amount of
glycogen measured in the cells of strain SolV was 36 % of the dry weight. Under
nitrogen limitation, a similar percentage of glycogen was found in the halotolerant
methanotroph Methylobacter alcaliphilus 20Z (Khmelenina et al., 1999). Under
other growth conditions, percentages of 16 % (calcium limitation) and 35 %
(growth on methanol) are reported for methanotrophs (Eshinimaev et al., 2002;
Linton & Cripps, 1978). However, under nitrogen depletion PHB can account for
up to 50 % of the dry weight in Methylocystis parvus OBBP (Pieja et al., 2011 b).

Glyceraldehyde-3-phosphate produced from CO, via the Calvin-Benson-
Bassham cycle (Khadem et al., 2011), is the most likely precursor of glucose-6-
phosphate in strain SolV. The consecutive action of triosephosphate isomerase,
fructose 1,6-bisphosphate aldolase, fructose 1,6-bisphosphate phosphatase and
glucose-6-phosphate isomerase results in glucose-6-phosphate. The presence of a
gene encoding for phosphoglucomutase (pgm), suggest that the latter enzyme in
turn can convert glucose-6-phosphate and its product glucose-1-phosphate can be
used for glycogen synthesis (Wayne et al., 2010). The same route (in reverse) can
be used for the degradation of glycogen.
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The benefit of accumulated glycogen for “Ca. M. fumariolicum” under energy-
limiting conditions (no methane) was shown by the fact that cell numbers declined
less and that the viability of remaining cells was maintained much better for
glycogen loaded cells compared to cells without glycogen (exponentially grown).
Glycogen loaded cells showed an initial lag phase which could be expected
because the bacteria were in very different metabolic state as a result of the
nitrogen depletion, with much lower cytosolic protein content. This lag phase
however became longer only after 40 days of starvation. During this period the
glycogen was almost fully consumed, as was shown by "*C-labeling experiments.
These cells produced *CO, in amounts that equal the initial glycogen content of
the cells, while the headspace of exponential cells only showed a small increase in
CO, during the first few days. Growth was only observed in presence of methane
and it can therefore be concluded that glycogen was not used for cell growth.
Similar results were found for Methylocystis parvus OBBP, were no growth on
PHB was observed (Pieja et al., 2011 b). Therefore, we conclude that the glycogen
storage enhances the viability of “Ca. M. fumariolicum” during methane starvation.

Regulation of glycogen synthesis/degradation seems not to be at the
transcriptional level. There are good arguments for having a regulation on
protein/enzyme level since strain SolV needs to be ready for acting rapidly to two
situations: 1) when starved for nitrogen, cells can directly make profit of the
energy/carbon source still available for immediate storage of carbon. This can be
accomplished only when necessary proteins are already present, as mRNA or
protein synthesis is hardly possible when there is no nitrogen source available; 2)
when starved for methane, an energy deprived conditions in which cells have
difficulty to produce (new) proteins, cells already have the proteins available for
glycogen degradation. So, depending on the level of substrates (e.g. glucose-6-

phosphate) the route may operate in a biosynthetic or degradative direction.
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Conclusion

The thermoacidophilic verrucomicrobial methanotroph “Ca. M. fumariolicum”
strain SolV is able to store glycogen in the case of nitrogen depletion.

This accumulated glycogen may be consumed in response to energy limitation.
It is hypothesized that the bacteria use accumulated glycogen to enhance viability,
since growth on accumulated glycogen was not observed.

To the best of our knowledge this is the first experimental validation of glycogen

storage in the phylum Verrucomicrobia.
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Nitrogen fixing (right side) and oxygen limited (left side) chemostat cultures.
Picture by Ahmad F. Khadem.
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Abstract

Aerobic methanotrophic bacteria can use methane as their sole energy source.
The discovery of “Ca. Methylacidiphilum fumariolicum” strain SolV and other
verrucomicrobial methanotrophs has revealed that the ability of bacteria to oxidize
CH, is much more diverse than has previously been assumed in terms of ecology,
phylogeny and physiology. A remarkable characteristic of the methane-oxidizing
Verrucomicrobia is their extremely acidophilic phenotype, growing even below pH
1. In this study we used RNA-Seq to analyze the metabolic regulation of “Ca. M.
Sfumariolicum” SolV cells growing at i, in batch culture or under nitrogen fixing
or oxygen limited conditions in chemostats, all at pH 2. The analysis showed that
two of the three pmoCAB operons each encoding particulate methane
monooxygenases were differentially expressed, probably regulated by the available
oxygen. The hydrogen produced during N, fixation is apparently recycled as
demonstrated by the up-regulation of the genes encoding a Ni/Fe-dependent
hydrogenase. These hydrogenase genes were also up-regulated under low oxygen
conditions. Handling of nitrosative stress was shown by the expression of the nitric
oxide reductase encoding genes (norB and norC) under all conditions tested, the
up-regulation of nitrite reductase (nirK) under oxygen limitation and of
hydroxylamine oxidoreductase (kao) in the presence of ammonium. Unraveling the
gene regulation of carbon and nitrogen metabolism helps to understand the
underlying physiological adaptations of strain SolV in view of the harsh conditions

of its natural ecosystem.
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Introduction

Methanotrophs are an unique group of microorganisms that can use methane
(CHy,) as sole carbon and energy source (Hanson & Hanson, 1996). Methanotrophs
are found both in aerobic and anaerobic natural environments (Boetius et al., 2000;
Conrad, 2009; Hanson & Hanson, 1996; Raghoebarsing et al., 2006). Aerobic
methane oxidizing bacteria are represented by members of the
Alphaproteobacteria, the Gammaproteobacteria, the Verrucomicrobia and the
NC10 phylum (Ettwig et al., 2010; Hanson & Hanson, 1996; Op den Camp et al.,
2009). “Candidatus Methylomirabilis oxyfera”, a representative of the latter
phylum and growing anaerobically in the absence of oxygen, has the unique ability
to produce intracellular oxygen through an alternative denitrification pathway
(Ettwig et al., 2010).

During aerobic CHy4 oxidation, energy is conserved during the oxidation of
methanol, formaldehyde and formate (Chistoserdova et al., 2009; Hanson &
Hanson, 1996). In the oxidation of methanol, electrons are transferred to a
membrane-bound electron transport chain via a pyrroloquinoline quinone cofactor
to cytochrome ¢ and the bcl complex by the enzyme methanol dehydrogenase.
During formaldehyde and formate oxidation, NAD is reduced to NADH and
transferred to NADH-oxidoreductase complex I (nuo genes). Electrons flow via the
membrane protein complexes, Nuo, bel, to the cytochrome ¢ oxidases and produce
a proton motive force that is converted to the cellular energy carrier ATP by the
ATPase enzyme complex.

Verrucomicrobial methanotrophs were isolated from volcanic areas in Italy,
New Zealand and Russia (Dunfield et al., 2007; Islam et al., 2008; Pol et al., 2007)
and the genus name “Methylacidiphilum” was proposed since 16S rRNA gene
sequences of the three independent isolates had 98-99 % sequence identity (Op den
Camp et al., 2009). Although environmental clone libraries from many ecosystems
show a large abundance and biodiversity of Verrucomicrobia (Wagner & Horn,
2006), little is known about their in situ physiology. There are now several
verrucomicrobial genome assemblies available (van Passel et al., 2011) including
two of the verrucomicrobial methanotrophs (Hou et al., 2008; Khadem et al., 2012
b). The genome data of strains V4 and SolV showed some similarities but also

major differences in the Cl-utilization pathways compared to proteobacterial and
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NC10 methanotrophs. The functional significance of these differences can only be
validated by a combination of physiological and expression studies.

Physiological studies of “Ca. M. fumariolicum” strain SolV have demonstrated
that this microorganism was able to grow with ammonium, nitrate or dinitrogen gas
as nitrogen source (Khadem et al., 2010; Pol et al., 2007). *C-labeling studies
showed that strain SolV growing on CH,4, fixed CO, into biomass exclusively via
the Calvin-Benson-Bassham (CBB) cycle (Khadem et al., 2011). Based on these
results we expect that genes involved in nitrogen fixation are only expressed in the
absence of ammonium/nitrate and genes involved in the CBB cycle are
constitutively expressed. To evaluate this in more detail, analysis of the complete
set of transcripts (the transcriptome) and their quantity present in cells grown under
different condition is needed.

With the development of microarrays (Malone & Oliver, 2011) high-throughput
quantification of the transcriptome became possible, improving the low throughput
mRNA data from Northern blots or reverse-transcription PCR (RT-PCR) analysis.
More recently, next generation sequencing has been shown to be a very powerful
method to analyze the transcriptome of cells by what is known as RNA-Seq (Wang
et al., 2009). Furthermore, this technique can detect transcripts without
corresponding genomic sequences and can detect very low abundance transcripts
(Croucher & Thomson, 2010; Malone & Oliver, 2011).

In this study we used RNA-Seq to analyze the genome wide transcriptome of
“Ca. M. fumariolicum” SolV cells grown under different conditions at pH 2.
Expression profiles of exponentially growing SolV batch cultures (at um.x) were
compared to nitrogen fixing or oxygen limited chemostat cultures and used to
unravel the gene and genome regulation of carbon and nitrogen metabolism which

may reflect the underlying physiological adaptations of SolV.
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Materials & methods

Organism & medium composition for growth

“Ca. Methylacidiphilum fumariolicum” strain SolV used in this study was
originally isolated from the Solfatara volcano, Campi Flegrei, near Naples, Italy
(Pol et al., 2007). Preparation and composition of the growth medium (pH 2) was
described previously (Khadem et al., 2010). Mineral salts composition and
concentration were changed for oxygen limited SolV chemostat cultures: 0.041 g
1! MgCl,.6H,0 was added (instead of 0.08 g 1') and CaHPO,.2H,O was replaced
by 0.138 g I"' NaH,PO,.H,O0 to limit precipitation.

Chemostat cultivation

Chemostat cultivation of strain SolV under nitrogen fixing condition at pH 2 was
performed as described previously (Khadem et al., 2010). Growth yield and
stoichiometry of CH4 conversion to CO, of strain SolV were also determined for
oxygen limited SolV chemostat cultures. The chemostat liquid volume was 300 ml
and the system was operated at 55 °C with stirring at 900 r.p.m. with a stirrer bar.
The chemostat was supplied with medium at a flow rate of 5.1 ml h™', using a
peristaltic pump. Culture liquid level was controlled by a peristaltic pump actuated
by a level sensor. A gas mixture containing (v/v) 5.8 % CHa, 2.3 % O,, 0.4 % N,
and 91.1 % CO, was supplied to the chemostat by mass flow controllers through a
sterile filter and sparged into the medium just above the stirrer bar. Oxygen
concentrations in the liquid were measured with a Clarke-type electrode. After
steady state was reached, CHy and O, consumption and CO, production were
determined by measuring the ingoing and outgoing gas flows and the gas
concentrations. The outgoing gas passed through a sterile filter at a flow rate of
11.9 ml h™", and contained (v/v) a mixture of approximately 4.8 % CH,, 0.72 % O,,
0.7 % N, and 92.7 % CO,. The dissolved oxygen concentration (dO,) was below
0.03 % oxygen saturation. To determine biomass dry weight concentration,
triplicate 5 ml samples from the culture suspension were filtered through pre-

weighed 0.45 pm filters and dried to constant weight in a vacuum oven at 70 °C.
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After steady state, both chemostats were sampled for mRNA isolation and Illumina

sequencing.

Batch cultivation

Cells of SolV grown at maximal growth rate (umax), Without any nitrogen, O, and
CH,4 limitation were obtained in 1 liter serum bottles, containing 50 ml medium
(with 4 mM ammonium, 2 % fangaia soil extract and at pH 2, (Khadem et al.,
2010)) and sealed with red butyl rubber stoppers. Incubations were performed in
duplicate and contained in (v/v) 10 % CHy, 5 % CO; and 18 % O, at 55 °C with
shaking at 180 r.p.m. Exponentially growing cells were collected for mRNA

isolation and Illumina sequencing.

Gas & ammonium analyses

Gas samples (100 pl) were analyzed for methane (CH,), carbon dioxide (CO,)
and oxygen (O;) on an Agilent series 6890 gas chromatograph (GC) equipped with
Porapak Q and Molecular Sieve columns and a thermal conductivity detector as
described before (Ettwig et al., 2008).

Ammonium concentrations were measured using the ortho-phthaldialdehyde
(OPA) method (Taylor et al., 1974).

Transcriptome analysis

The draft genome sequence of strain SolV (Khadem et al., 2012 b) was used as
the template for the transcriptome analysis. Cells were harvested by centrifugation
and 3.1 mg dry weight cells were used for isolation of mRNA, and subsequent
synthesis of cDNA (328 ng) was done as described before (Ettwig et al., 2010).
The cDNA was used for Illumina sequencing (RNA-Seq) as described before
(Ettwig et al., 2010; Kartal et al., 2011). Expression analysis was performed with
the RNA-Seq Analysis tool from the CLC Genomic Workbench software (version
4.0, CLC-Bio, Aarhus, Danmark) and values are expressed as RPKM (Reads Per
Kilobase of exon model per Million mapped reads) (Mortazavi et al., 2008).
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Results & discussion

Physiology of “Ca. M. fumariolicum” SolV growing with &
without nitrogen source & under oxygen limitation

Prior to the expression studies the physiological properties of strain SolV were
examined in batch and chemostat continuous culture. These studies showed that
strain SolV in batch culture had a maximum growth rate of 0.07 h™' and 0.04 h™',
with ammonium or nitrate as nitrogen source, respectively (Table 1). In the absence
of ammonium and nitrate “Ca. M. fumariolicum” SolV cells were able to fix
atmospheric N, only at headspace oxygen concentration below 1 % (Khadem et al.,
2010). The additional reduction steps of nitrate to ammonium could explain the
observed increase in doubling time with nitrate compared to ammonium. The
slower growth rate with N, as nitrogen source was expected, since N,-fixation is an
endergonic process, which needs about 16 mol ATP per mol N, fixed (Dixon &
Kahn, 2004). Based on the um.x data obtained, strain SolV seems to prefer
ammonium, which is also the most likely nitrogen source in its natural
environment.

Continuous cultivation of strain SolV cells in a chemostat at pH 2 under nitrogen
fixing conditions, was performed at dissolved oxygen concentrations (dO,) equal to
0.5 % oxygen saturation and without ammonium or nitrate (Table 1). Growth was
limited by CH,4 liquid-gas transfer in this chemostat culture (Khadem et al., 2010).
The growth rate (0.017 h™") is 68 % of the fmx (0.025 h™") obtained in N, fixing
batch cultures.

For continuous cultivation of strain SolV under oxygen limitation and in the
presence of excess methane and ammonium, the chemostat was supplied with
medium at a dilution rate of 0.017 h™" (Table 1). This resulted in a dO, equal to
0.03 % oxygen saturation (< 0.24 pmol 17").

After a steady state was obtained in the chemostat, the stoichiometry of CH,4
oxidation and cell yield under N, fixing and O, limiting conditions were
determined. Under O, limitation the stoichiometry of CH,4 oxidation was the same
as reported for excess ammonium and O, (Pol et al., 2007). However, under N,

fixing conditions, a slightly higher consumption of O, and production of CO, was
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found (Khadem et al., 2010). This coincides with the lower cell yield of the
nitrogen fixing chemostat culture of strain SolV (Table 1).

Three of the above described physiological conditions were selected for a
genome wide transcriptome analysis (Table 1), e.g. exponentially growing cells
(batch culture at un.,) and cells from nitrogen or oxygen limited chemostat

cultures.

Whole genome transcriptome analysis of “Ca. M. fumariolicum”
Solv

The SolV transcriptome was characterized using RNA-Seq. RNA was prepared
from the three different cell cultures (see above), converted to cDNA and
sequenced. The Illumina Genome Analyser reads (75 bp) were first mapped to the
ribosomal RNA operon and mapped reads were discarded. The unmapped reads
(3.5 x 10° 3.2 x 10° and 2.0 x 10° reads for g, N fixing and O, limited cells,
respectively) were mapped to the CDS, tRNA and ncRNA sequences extracted
from the genome sequence of strain SolV (Khadem et al., 2012 b). The total
number of reads obtained and mapped for each sampled culture together with the
calculated expression levels (RPKM) are provided in the Supplementary file (Data
Sheet 2.XLS; RNA-Seq_SolV.xls). We selected a set of 394 housekeeping genes
(in total 443 kbp) involved in energy generation, in ribosome assembly, carbon
fixation (CBB cycle), C1 metabolism (except for pmo), amino acid synthesis, cell
wall synthesis, translation, transcription, DNA replication and tRNA synthesis for
the three conditions, to compare baseline expression levels (Supplementary file:
Data Sheet 1.XLS; Housekeeping genes.xls). For this gene set all ratios of
expression between conditions were >0.5 and <2. The robustness of the
transcriptome data were checked by the method of Chaudhuri et al. (2011) in
which the expression levels (log2 (RPKM+1)) of the 394 genes set for the three
conditions were plotted against each other. This resulted in correlation coefficients
of 0.70, 0.86 and 0.86 (Fig. 1), which are only slightly lower than those of
technical replicates as reported by Chaudhuri ef al. (2011).

In the following paragraphs, the differences in expression pattern under the
various cultivation conditions with respect to energy, carbon, nitrogen and

hydrogen metabolism of strain SolV will be presented and discussed.

(Khadem et al., 2012) 139 Front Microbiol 3,266



99T °€ 101qOIY 1UOL]

(10T 1 12 WApEY)

"9Je)s Aped)s Je suosiLedwod (wu ()9 38 paInsedwr) AIsudp [eondo woay paje[noe)) |

(Do §S 38 [ Towr 008 s[enba 9, 001) uoneIes udSAX0 %, se passaIdxa sI (COp) UOHENUIIUOD

UOZAXO POAJOSSIP PAINSEAUW SAINY[ND JEISOWYD Y} I0f O[IYM ‘USAIS dIe SUONELNUOUOD Ud3AX0 doedspeay [eniul sammyno yojeq Ioq

- uoneywi| ¢Q,, pue  uonexiy Ny, ¢ X7 1e S[[9)D),, S 0} PALIdJAI SO[qe ], OYIO0 [[e U] ‘SISA[eue awoldLIosues) 10§ pasn s[[o) ,,

% £0°0 > ud3AXQ O 0 L100=" Loy
%S0 UBHIRIN 93 (112 L100=" oN esoway)
% 1>  ueBoniN pu LT §20°0 =" N
% 81 ON pu L1 ¥0°0 =7 S1enNIN
% 81 ON $9 01 L0°0 =" LUNIUOWI Y yoreq
(*HD 10w 12d 1ySrom K1p 3)
qUONBNUIOU0d {Q  uoneII] - (y) swm Surqnog (;_u) oyex yimo1ny 90In0s UAZOMIN AImyny

AJOS urens  wunoijornwnf wnjiydip1ovjdyzapy "v.),, JO saInnod 1e}sowayd pue yojeq Jo uondruosaq 1 diqe],

AIOS utens  wnoaijorivun) wnjiydip1ovidyiapy ‘v, Jo sisk[eue swoydLosuer], x1§ 19)dey)



99T °€ 101qOIY 1UOL]

(10T 1 12 WApEY)

(**“r 3e) s|199 |enuauodxa sanjeA (L+INMdY) Zo1

(**“r 3e) s|199 |euauodxa sanjeA (L+INMdY) Zho1

oL 8 9 v z 0 ok 8 9 v z 0 -
. . . . : 0 — : : : : 0 o
[} «Q
«Q N
N * \w
L 2 m bz 2
:
Ly = L v {A\
< (Y
o c
c (]
Ly & P
z 2
= 3
% 3 ¢ 2
oM G658°0 = zd 9 €968°0 = 2 o
X £5660 = A < X 6060 = & o
. £956°0 ., @ 604670 |, @
1199 Buixy 2N sanjeA (L+IWMdY) z601

ol 8 9 v z 0
Y
«Q
. =
"SISOUIUAS YN} pue uoneordor Lz m
VN ‘uonduosuen ‘uone[suel} ‘SISOUIUAS [[em [[90 ‘SISOYIUAS PIOB M
ourwe ‘(owd 10§ 1doox9) wisijogeidw 1)) ‘(9[040 weysseg-uosudg-uIA[e))) Loy w\
UONIBXIJ UOQIRD ‘SaWO0SOqUI ‘UoneIoudsd A31ous ur paAsjoAur (dqy ¢+ (2103 g
7]
ur) sauad $6¢ JOo (T+IAIAY) Z30]) S[oA9] uoIssaxdxd Jo S10[d °[ InSL ° o
3
8 3
€020 = ¢¥ p
X 1=K ..W
8600'} o 7
AIOS utens  wnoaijorivun) wnjiydip1ovidyiapy ‘v, Jo sisk[eue swoydLosuer], x1§ 19)dey)



Chapter Six Transcriptome analysis of “Ca. Methylacidiphilum fumariolicum” strain SolV

Energy metabolism

Genes involved in CHy4 oxidation pathway (Chistoserdova et al., 2009; Hanson
& Hanson, 1996) and their RPKM values are presented in Table 2. In the genome
data of the verrucomicrobial methanotrophs no genes encoding for the soluble
cytoplasmic form of the methane monooxygenase (sMMO) were found (Hou et al.,
2008; Khadem et al., 2012 b). However, three pmoCAB operons, encoding for the
three subunits of particulate membrane-associated form (pMMO) were predicted.

Transcriptome analysis of “Ca. M. fumariolicum” SolV showed differential
expression of two of the three different operons. One of the pmoCAB operons
(pmoCAB2) was highly expressed (RPKM values 10.9 x 10° to 45 x 10°, Fig. 2) in
cells growing at i, with excess ammonium and oxygen (initial headspace
concentration of 18 %). The other two pmoCAB operons were hardly expressed
under this culture condition (RPKM 21 to 253). The cells from CH, limited, N,
fixing chemostat culture and the O, limited chemostat culture with dO, of 0.5 %
and 0.03 % oxygen saturation, respectively, showed a remarkable different
expression pattern of the pmoCAB operons. Under these conditions the pmoCAB1
operon was highly expressed (RPKM values 4.1 x 10° to 25 x 10°) while
expression of the pmoCAB2 operon was down regulated 40 times compared to the
batch culture. The pmoCAB3 operon was hardly expressed in cells from the two
chemostat cultures, expression values being identical to that of the cells at gpax.
Although other factors like growth rate, cell density etc. could have an effect, the
results point to a regulation of the pmoCABI/pmoCAB2 genes by the oxygen
concentration. Since the pmoCAB3 operon was not expressed under the conditions
tested, other growth conditions have to be tested to elucidate the regulation and
function of this pMMO. In a recent study, qPCR was used to investigate expression
of the four pmoA genes of “Ca. Methylacidiphilum kamchatkense” Kam1 (Erikstad
et al., 2012). The pmoA2 gene was 35-fold stronger expressed than the other
copies. Suboptimal temperature and pH conditions did not change this pattern.
Other limitations were not tested. Grow on methanol resulted in a 10-fold

decreased expression of pmoA2.
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Figure 2. Expression of the three pmoCAB operons, encoding the three subunits of
the particulate methane monooxygenase (pMMO). Values from exponential growing
cells, at umay (grey bars), N, fixing cells (black bars) and O, limited cells (open bars)
are compared. Expression of mxaF (xoxF) encoding methanol dehydrogenase is
shown for comparison.

Also some proteobacterial methanotrophs are known to contain multiple copies
of pmo operons (Murrell et al., 2000; Semrau et al., 1995). Within sequenced
genomes of gammaproteobacterial methanotrophs two nearly sequence-identical
copies of pmoCAB1 were found. It is thought that sequence-identical copies have
arisen through gene duplications and insertions. Mutation studies in Methylococcus
capsulatus Bath have demonstrated that both pMMO’s were required for growth
(Stolyar et al., 1999). More sequence-divergent copies (pmoCAB2) were shown to
be widely distributed in alphaproteobacterial methanotrophs (Yimga et al., 2003).

Recently it was found that some genera of gammaproteobacterial methanotrophs

(Khadem et al., 2012) 143 Front Microbiol 3, 266
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also possess a sequence-divergent particulate methane monooxygenase, depicted as
pXMO (Tavormina ef al., 2011). Unlike the CAB gene order of the pmo operon the
pxm operon shows an ABC gene order. The presence of sequence-divergent copies
suggests alternative physiological function under different environmental
conditions. Methylocystis sp. strain SC2 was shown to possess two pMMO
isozymes, encoded by pmoCABI and pmoCAB2 operons. The pmoCABI operon
was expressed by strain SC2 at mixing ratios > 600 ppmv CH,, while growth and
concomitant oxidation of methane at concentrations < 600-700 ppmv was due to
the expression of pmoCAB2 (Baani & Liesack, 2008). In this case the methane
concentration seems to control the up- and down-regulation of the different
pMMO’s.

The second step in CH4 oxidation pathway is the conversion of methanol to
formaldehyde by methanol dehydrogenase. Methanol dehydrogenase activity in
strain SolV could be demonstrated but the gene cluster encoding this activity seems
to be rather different compared to proteobacterial methanotrophs. The
mxaFJGIRSACKLDEHB cluster encoding the methanol dehydrogenase (mxaFI), a
cytochrome (mxaG), a solute binding protein (mxaJ) and accessory proteins (Chen
et al., 2010; Chistoserdova et al., 2003; Ward et al., 2004) was absent in the
verrucomicrobial methanotrophs (Hou et al., 2008; Khadem ef al., 2012 b) and
found to be replaced by a mxaFJG operon. In addition the gene cluster
pqqABCDEF encoding proteins involved in biosynthesis of the methanol
dehydrogenase cofactor pyrroloquinoline quinone was present. The expression of
these genes did not vary much under the conditions tested (Table 2 and Fig. 2).

Formaldehyde, the product from the methanol dehydrogenase, is a key
intermediate in methanotrophs. It may be oxidized for energy and detoxification, or
fixed into cell carbon via the ribulose monophosphate pathway (RuMP) or serine
cycle (see below, Chistoserdova et al., 2009; Hanson & Hanson, 1996). The
canonical formaldehyde oxidation pathway requires folate as a cofactor for Cl
transfer and formate dehydrogenase complexes (see below). The classical gene
folA involved in the last step of folate-biosynthesis (encoding dihydrofolate
reductase) is absent in “Ca. Methylacidiphilum” strains V4 and SolV. Hou et al.
(2008) suggested that the role of this enzyme could be taken over by an alternative
dihydropteroate synthase (FolP). The gene encoding for this enzyme was also

present in strain SolV and was constitutively expressed at RPKM values of 133 to
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236. The presence of the folD gene in the “Ca. Methylacidiphilum” strains (V4 and
SolV) and expression data of this gene in strain SolV (Table 2), indeed suggest that
conversion of formaldehyde is tetrahydrofolate-dependent. The ‘“archaeal”
tetrahydromethanopterin cofactor-based pathway for Cl transfer found in other
methylotrophs is not present in the genomes of the “Ca. Methylacidiphilum” strains
(Hou et al., 2008; Khadem et al., 2012 b).

Formaldehyde can also directly be oxidized by a formaldehyde dehydrogenase.
The genome data of strain SolV reveal several candidates for formaldehyde
oxidation: a NADPH:quinone reductase (or related Zn-dependent oxidoreductases),
Zn-dependent alcohol dehydrogenases or the NAD-dependent aldehyde
dehydrogenases. The genes encoding for these enzymes were expressed under all
conditions tested (Table 2). A role for these enzymes should be further supported
by enzyme purification and characterization studies. Genes encoding for soluble
and membrane bound NAD-dependent formate dehydrogenases were also
predicted from the draft genome of strain SolV and there expression levels were
not significantly different under all experimental conditions (Table 2). This enzyme

performs the last step of CH,4 oxidation, converting formate into CO,.
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Carbon metabolism

Carbon fixation

The genome data of the verrucomicrobial methanotrophs (Hou et al., 2008;
Khadem et al., 2012 b) showed differences in carbon assimilation compared to
proteobacterial methanotrophs (Chistoserdova et al., 2009). Analyses of the draft
genome of “Ca. Methylacidiphilum fumariolicum” strain SolV revealed that the
key genes needed for an operational RuMP pathway, hexulose-6-phosphate
synthase and hexulose-6-phosphate isomerase were absent. In addition, the crucial
genes encoding key enzymes of the serine pathway, malyl coenzyme A lyase and
glycerate kinase, were not found (Khadem et al., 2011). However, all genes
required for an active CBB cycle could be identified in the SolV genome. These
genes were highly expressed in both chemostat cultures (Table 3), to levels
identical to those of cells in batch cultures growing at um.x (Khadem et al., 2011).
The constitutive expression in all cell cultures was expected, assuming biomass
carbon in strain SolV growing on methane can only be derived from fixation of
CO; via the CBB cycle (Khadem et a/l., 2011). Our transcriptome data of the
chemostat cultures and batch cultures showed low expression of the chbR gene,
encoding a possible RuBisCO operon transcriptional regulator. The chbR gene
product is a LysR-type transcriptional regulator and the key activator protein of cbb
operons in facultative autotrophs (Bowien & Kusian, 2002). As an autotroph, strain
SolV may not need much regulation of the CBB cycle genes. For strain V4 a
coupling of this chbR gene to nitrate reduction and transport was suggested (Hou et
al., 2008).

Although, the genes encoding for the ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), the key enzyme of the CBB cycle was found in
the genome of some proteobacterial methanotrophs like M. capsulatus Bath (Ward
et al., 2004) and Methylocella silvestris BL2 (Chen et al., 2010) and the non-
proteobacterial methanotroph “Candidatus Methylomirabilis oxyfera” (Ettwig et
al., 2010), autotrophic growth in liquid cultures has not been reported for these

methanotrophs yet.
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Carbohydrate metabolism

The presence and transcription of genes involved in the pentose phosphate
pathway suggested the possibility of gluconeogenesis in strain SolV (Table 3). In
M. capsulatus Bath, gluconeogenesis was suggested as follows: a putative
phosphoketolase condenses pyruvate and glyceraldehyde-3-phosphate into
xylulose-5-phosphate, which in turn is fed into the ribulose-5-phosphate pool for
formation of glucose-6-phosphate through the pentose phosphate pathway (Ward et
al., 2004). Since a putative phosphoketolase is also present and expressed in strain
SolV, gluconeogenesis might take place in the same way. Another possibility for
the production of glucose-6-phosphate from glyceraldehyde-3-phosphate would be
the consecutive action of triosephosphate-isomerase, fructose 1,6-bisphosphate
aldolase, fructose 1,6-bisphosphate phosphatase and glucose-6-phosphate
isomerase. All genes encoding these enzymes are expressed under the growth
conditions tested (Table 3).

In many gammaproteobacterial methanotrophs, the tricarboxylic acid (TCA)
cycle is believed to be incomplete, because they lack the a-ketoglutarate
dehydrogenase activity (Hanson & Hanson, 1996). However in the M. capsulatus
genome homologs of this enzyme were identified, suggesting that the TCA-cycle
might operate in this microorganism (Ward et al., 2004). Alphaproteobacterial
methanotrophs are known to have a complete TCA cycle (Chen et al., 2010;
Dedysh et al., 2002; Hanson & Hanson, 1996). The genes encoding for the TCA
cycle enzymes were predicted from the genomes of strains V4 and SolV (Hou et
al., 2008; Khadem et al., 2012 b). Our transcriptome analysis showed that these
genes were expressed under the conditions applied, with slightly lower expression
levels under N, fixing conditions (Table 4). The presence of an operational TCA
cycle in strain SolV suggests that growth on two carbon compounds like acetate
should be possible. The presence and transcription of a gene encoding acetyl-
coenzyme A synthetase (acs), allows acetate to be activated and fed into the TCA
cycle (Table 4). Three alphaproteobacterial genera; Methylocella, Methylocapsa
and Methylocystis, which were shown to be able to grow or survive on acetate, also
possess a TCA cycle (Belova et al., 2011; Dedysh et al., 2005; Dunfield et al.,
2010; Semrau et al., 2011).

(Khadem et al., 2012) 150 Front Microbiol 3, 266
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Chapter Six Transcriptome analysis of “Ca. Methylacidiphilum fumariolicum” strain SolV

Potential carbon & energy storage

Many bacteria start to accumulate reserve polymers when enough supply of
suitable carbon is available, but nitrogen is limited (Wanner & Egli, 1990). This
phenomenon is also known for methanotrophs (Pieja et al., 2011b). Recently it was
shown that type II methanotrophs contained the gene phaC, which encodes for the
poly-3-hydroxybutyrate (PHB) synthase enable them to produce PHB (Pieja et al.,
2011b). At least three genes (phaC, phaA, phaB) were considered to be crucial for
PHB synthesis. These genes are absent in type I methanotrophs and in the
“Ca. Methylacidiphilum” strains (Hou et al., 2008; Khadem et al., 2012 b).
However, genes encoding for glycogen synthesis, degradation and transport
(glycogen synthase, glycogen debranching enzyme and ADP-glucose
pyrophosphorylase) were predicted based on the draft genome of strain SolV.
These genes were expressed under all conditions tested (Table 5). This supports the
ability of carbon storage by strain SolV, but further physiological studies with cells
growing under excess of carbon and nitrogen limitation are needed. Thus far
literature on glycogen synthesis in methanotrophs is sparse, but several of the
publicly  available genomes  (http://www.ncbi.nlm.nih.gov/genomes)  of
proteobacterial methanotrophs contain glycogen synthesis genes (M. capsulatus
Bath, Methylomonas methanica MCQ09, Methylomicrobium alcaliphilum and
Methylocystis sp. ATCC 49242).

The presence and constitutive expression of genes involved in phosphate
transport, polyphosphate synthesis and utilization (ABC-type phosphate transport
system, polyphosphate kinase, adenylate kinase and exopolyphosphatase) (Table 5)
suggest that strain SolV is able to store polyphosphate as energy and phosphorus

reserve.

(Khadem et al., 2012) 155 Front Microbiol 3,266
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Chapter Six Transcriptome analysis of “Ca. Methylacidiphilum fumariolicum” strain SolV

Nitrogen metabolism
Ammonium, nitrate & amino acid metabolism

Based on the genome and supported by the transcriptome data the main route for
ammonium assimilation in “Ca. M. fumariolicum™ occurs via glutamine synthase
(glnA)/glutamate synthase (g/tB) and/or the alanine and glutamate dehydrogenases
(ald, gdh). Expression values of ald and gdh were about 3 to 5 fold lower
compared to glnd and gltB under the conditions tested (Table 6). Also the genes
encoding the glutamine-hydrolyzing carbamoyl-phosphate synthase (car4 and
carB) were constitutively expressed. This enzyme converts glutamine and carbon
dioxide into glutamate and carbamoyl-phosphate. The latter substrate can be fed
into the urea cycle. Except for the gene encoding arginase all other genes
(argDHFG) encoding enzymes of the urea cycle were present and constitutively
expressed. The most likely function of this partial cycle will be arginine synthesis.
For strain V4 it was suggested that the ornithine needed can be supplied by 4-
aminobutyrate aminotransferase through a part of the TCA cycle and glutamate
synthesis (Hou ef al., 2008). In strain SolV, the gene encoding 4-aminobutyrate
aminotransferase is also present and expressed. Other methylotrophs possess
neither arginase nor ArgD (Hou et al., 2008).

The genes encoding nitrate/nitrite transporters and the assimilatory nitrite and
nitrate reductases showed very low expression levels (8 to 117), probably due to
the absence of nitrate in the growth media used. The ammonium transporter gene
(amtB type) is 3-4 fold up-regulated in N, fixing cells, which reflects increased

ammonium scavenging under nitrogen limited conditions.
Nitrogen fixation

The genomes of strain SolV and strain V4 show a complete set of genes
necessary for N, fixation (Hou et al., 2008; Khadem et al., 2012 b). Most of these
genes and their organization in putative operons resemble those of M. capsulatus
Bath (Ward et al., 2004), a gammaproteobacterial methanotroph that has been
shown to fix atmospheric N, (Oakley & Murrell, 1991). N, fixation is widely

distributed among methanotrophs as shown by the presence of both nifH gene

(Khadem et al., 2012) 158 Front Microbiol 3,266



Chapter Six Transcriptome analysis of “Ca. Methylacidiphilum fumariolicum” strain SolV

fragments and acetylene reduction activity in a variety of alpha- and
gammaproteobacterial methanotrophic strains (Auman et al., 2001). Also the deep-
sea anaerobic methane-oxidizing Archaea were shown to fix N, and share the
products with their sulfate-reducing bacterial symbionts (Dekas et al., 2009).

Gene expression data of strain SolV showed that all the genes involved in
nitrogen fixation were up-regulated only in absence of ammonium and nitrate,
indicating the effect of nitrogen availability on the expression of these genes (Table
7). The genes encoding for the nitrogenase (nifH, nifD, nifK) were 100 to 325-fold
up-regulated, while the gene involved in regulation (nif4) and the Fe/Mo cofactor
biosynthesis genes showed 30 to 235-fold increased expression levels. Our
previous physiological studies already confirmed that nitrogenase was active in N,
fixing chemostat cultures (Khadem et al., 2010).

Growth on atmospheric nitrogen in the chemostat was only observed when the
dO, was below 0.5 % oxygen saturation. Our previous batch incubations in the
presence of ammonium and 0.5 % O, saturation resulted in doubling time of 10 h
(Khadem et al., 2010). This indicates that in N, fixing chemostat cultures, this low
oxygen was not growth limiting. Maintaining a low oxygen concentration in both
batch and chemostat is required for an active nitrogenase, since this enzyme is
irreversibly damaged by O, (Robson & Postgate, 1980). Low oxygen requirement
for N, fixation was also demonstrated for other proteobacterial methanotrophs
(Dedysh et al., 2004; Murrell & Dalton, 1983; Takeda, 1988). The effect of high
oxygen concentration on the expression of genes encoding N, fixing enzymes, in
absence of ammonium/nitrate still needs to be addressed in strain SolV.

Methanotrophic hydrogenases are considered to have a role in N, fixation or
CH,4 oxidation. The role of hydrogenase as a source of reducing power for CHy
oxidation was demonstrated in M. capsulatus Bath (Hanczar et al., 2002).
Hydrogen uptake and evolution activities during N, fixation were reported for
strain 41 of the Methylosinus type (De Bont, 1976) and Methylocystis T-1 (Takeda,
1988), respectively. However, knock out studies of 4hupSL encoding for the large
and small subunit of the Ni/Fe-dependent hydrogenase in M. capsulatus Bath, did
not show differences in viability under nitrogen fixing and non-nitrogen fixing
conditions in comparison to the wild type strain (Caski et al., 2001). Based on
these results, the authors suggested that the hydrogenase is probably regulated by
oxygen availability rather than by the hydrogen generated by the nitrogenase

(Khadem et al., 2012) 159 Front Microbiol 3,266
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enzyme complex. Our expression data also show an increased expression under
both nitrogen fixing and oxygen limited conditions (Table 7). Since under oxygen
limitation the nitrogen fixing genes were not expressed, while the hydrogenase
encoding genes were expressed to even higher levels, oxygen seems to be the
regulatory factor for the latter set of genes.

The PII signal-transduction proteins (encoded by g/nB and g/nK) are used to
transduce the nitrogen status of the cell to the NtrB-NtrC two-component
regulatory system and the o '-dependent amtB promoters to tune nif gene
transcription (for a detailed overview see Dixon & Kahn, 2004). The g/nB gene of
strain SolV was highly expressed under all conditions and slightly up-regulated
(1.5 fold) under N, fixing conditions. Expression of g/lnK was overall about 5-fold
lower than the expression of g/nB and 3-fold down-regulated under nitrogen fixing
conditions. In addition genes encoding for uridylyltransferase (g/nD), NtrB and
NtrC showed expression levels under the three conditions tested which did not
significantly differ (Table 6). This suggests that in strain SolV the PII proteins are
involved in sensing and regulating the status of fixed nitrogen in the cell.

Transcription of the nif genes is regulated by nif4 and nifl genes (Dixon &
Kahn, 2004). The expression of nif4 is regulated by oxygen and/or fixed nitrogen
and nifL gene is involved in oxygen sensing. We could not identify a nifL gene in
the genome of strain SolV (Khadem et al., 2012 b). However, nifA4 is present and
was 30-fold up-regulated under N, fixing conditions.

Nitrogenase is believed to be sensitive for reactive oxygen species (ROS), and
during nitrogen fixation the level of ROS is reduced by up-regulation of ROS-
detoxifying genes. In Gluconacetobacter diazotrophicus up-regulation of these
genes was observed during nitrogen fixation (Alquéres et al., 2010). Although, in
the genome of strain SolV two sodA4 genes encoding for superoxide dismutases can
be identified, they both are highly expressed under all conditions tested (RPKM
values: Mfum 810007, 797 £ 163; Mfum 980001, 961 + 669), but expression

seems to be 1.5 to 3 fold lower under N fixing and O, limited conditions.

(Khadem et al., 2012) 160 Front Microbiol 3,266
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Nitrosative stress

The pMMO enzyme involved in the first step of CH,; oxidation in
methanotrophs, also oxidizes ammonium which results in the formation of the
intermediate hydroxylamine (NH,OH) (Hanson & Hanson, 1996; Nyerges & Stein,
2009 and references therein; Stein & Klotz, 2011). Ammonia-oxidizers can relay
electrons from hydroxylamine oxidation to the quinone pool to drive energy
production and cellular growth (Klotz & Stein, 2008), but methanotrophs lack this
relay and cannot produce energy from this oxidation. Since hydroxylamine is a
highly toxic intermediate, methanotrophs rely on mechanisms to quickly remove it.
In their natural habitat the “Ca. M. fumariolicum” cells are confronted with varying
nitrogen levels (1-28 mM (Khadem e al., 2010)) which means that the cells have
to balance assimilation and tolerance to reactive-N. Detoxification can be achieved
by conversion of hydroxylamine back to ammonium or to nitrite through the use of
a hydroxylamine reductase enzyme (HAO). The nitrite in turn can be converted to
N,O via NO by putative denitrifying enzymes (nitrite reductase and NO-reductase,
Campbell et al., 2011). Genes involved in these conversions may include hao, cytL,
eytS, nirB, nirD, nirS or nirK, norB and norC. The genes hao, norB and norC were
shown to be present in the genomes of the verrucomicrobial methanotrophs (Hou et
al., 2008; Khadem et al., 2012 b), while a nirK homolog was only found in strain
SolV. The gene inventory in methanotrophic bacteria for handling hydroxylamine
or other toxic nitrosating intermediates and for those encoding putative denitrifying
enzymes is diverse and unpredictable by phylotype or taxon (Stein & Klotz, 2011).

In our study we found that although expressed under all conditions tested,
expression of hao, norB and norC were 1.5 to 4.5 fold lower under nitrogen fixing
conditions (Table 6), which makes sense in view of the expected lower ammonium
levels in the cells. However, for nirK expression was low (RPKM = 63 to 72)
except for the cells grown under oxygen limitation (RPKM = 200).

(Khadem et al., 2012) 161 Front Microbiol 3,266
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Chapter Six Transcriptome analysis of “Ca. Methylacidiphilum fumariolicum” strain SolV

Conclusion

In this study we analyzed the genome wide changes in expression during three
different growth conditions which helped very much to understand the physiology
of “Ca. Methylacidiphilum fumariolicum” strain SolV.

The analysis indicated that the two of the three pmoCAB operons are probably
regulated by oxygen, although the effect of other factors like growth rate, cell
density can not be excluded. The results point to a regulation of the
pmoCABI/pmoCAB2 genes by the oxygen concentration.

Further, the hydrogen produced during N, fixation can be recycled, and that
nitrosative stress is counter acted.

The obtained information will be a guide to design future physiological and

biochemical studies.
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Chapter Seven Summary & Outlook

Summary & Outlook

Methane (CHy) is an important fossil fuel for households and industry, but also a
trace gas in the atmosphere (Forster et al., 2007; Houghton et al., 1996). Methane
shows a strong infrared absorption and the atmospheric methane directly affects the
climate as a greenhouse gas, being 20 times more effective than carbon dioxide
(CO,) (Denman et al., 2007; Shindell ef al., 2009). Global warming is a worldwide
concern and therefore it is important to increase knowledge of sources and sinks
for methane. In addition complete knowledge of the global element cycles in
marine, soil and aquatic habitats is especially important in the assessment of the
future consequences of human impact on ecosystems worldwide (Conrad, 1996).

Methane is emitted to the atmosphere from natural ecosystems (wetlands,
ruminants, termites) or as a result of anthropogenic activities (rice paddies,
landfills, coal mining). It is produced by methanogenic Archaea during
decomposition of organic matter under anaerobic conditions (Schink, 1997;
Thauer, 1998). In addition to this biogenic production, significant amounts of
geological methane, produced within the Earth's crust, are released to the
atmosphere. Emissions from geothermal areas like seeps, mud volcanoes, mud pots
and fumaroles add up to an annual production of 45-75 Tg methane (Castaldi &
Tedesco, 2005; Kvenvolden & Rogers, 2005). Although the concentration of
methane in the atmosphere has been steadily increasing over the past 300 years, it
is maintained at a low level considering the amounts of methane produced.

Methane-oxidizing microbes (also known as methanotrophs, see below) are
assumed to be the major players in keeping the methane balance on our planet.
Fundamental knowledge about methanotrophic bacteria is important since they are
sinks for methane diffusing from both biogenic (degradation of organic matter) and
abiogenic (seeps and geothermal areas) sources. They form a biofilter reducing
methane emissions to the atmosphere. This makes them targets in strategies to
combat global climate change. In addition, methanotrophic bacteria can be applied
to treat odorous air streams and the methane monooxygenases of methanotrophs
have unique ability to catalyze reactions of environmental and perhaps commercial

importance (Semrau et al., 2011).
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The discovery of the verrucomicrobial aerobic methanotrophs

Methanotrophy occurs under both anaerobic and aerobic conditions. Anaerobic
oxidation can be performed by consortia of methane-oxidizing Archaea and
sulfate-reducing bacteria or nitrite-reducing bacteria (Boetius et al., 2000; Ettwig et
al., 2008; Raghoebarsing et al., 2006; Valentine & Reeburgh, 2000).

The obligate aerobic methanotrophs form a unique group of bacteria which
utilize methane as sole source of energy and carbon (Hanson & Hanson, 1996).
Until 2007, the phylogenetic distribution of the aerobic methanotrophs was limited
to the Alphaproteobacteria and Gammaproteobacteria (Hanson & Hanson, 1996).
Proteobacterial aerobic methanotrophs are widespread in natural environments
(such as fresh and marine waters and sediments, soils and rice paddies) where they
feed on the methane produced by methanogens in the anoxic zones of these
environments. Most of them are neutrophilic or mesophilic (Trotsenko &
Khmelenina, 2002; Tsubota et al., 2005; Dedysh et al., 2000; Dedysh et al., 2002;
Dedysh et al., 2007).

Very recently (late 2007 to early 2008), acrobic methanotrophs belonging to the
Verrucomicrobia phylum were isolated from the Solfatara at Pozzuoli near Naples
(Italy), Hell's Gate, Tikitere (New Zealand) and Uzon Caldera, Kamchatka,
(Russia) (Dunfield et al., 2007; Islam et al., 2008; Pol et al., 2007). For these novel
thermoacidophilic aerobic methanotrophs, the genus name Methylacidiphilum was
proposed (Op den Camp et al., 2009). So far the Methylacidiphilum genus is
represented by three strains; Methylacidiphilum fumariolicum strain SolV,
Methylacidiphilum infernorum strain V4 and Methylacidiphilum kamchatkense
strain Kaml. All three strains are well adapted to the harsh volcanic environment
(Op den Camp et al., 2009; Pol et al., 2007), being able to thrive at very low
methane and oxygen concentrations and pH values as low as 1. This exciting
discovery was a complete surprise to most microbiologists. It has revealed that the
ability of bacteria to oxidize methane is much more diverse than has previously
been assumed in terms of ecology, phylogeny and physiology (Hanson & Hanson,
1996). In addition, this discovery showed that natural geological sources such as
mud volcanoes are also important sinks for methane. It was the first time that
representatives of the widely distributed Verrucomicrobia phylum were coupled to

a geochemical cycle. The verrucomicrobial aerobic methanotrophs may be
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significant players in geochemical carbon cycling. Because the discovery of these
microbes is very recent there potential is still unexplored and they will harbor
biochemically very exciting pathways.

This thesis focus on the biochemistry and physiology of one of the
verrucomicrobial aerobic methanotrophs, Methylacidiphilum fumariolicum strain
SolV. In this study several approaches like genomics, electron microscopy, mRNA
analyses, *C-labelling experiments etc., were combined to unravel the metabolism

of strain SolV in molecular detail.
The draft genome of Methylacidiphilum fumariolicum SolV

Although the biodiversity within the Verrucomicrobia phylum is assumed to be
very large, little is known about their physiology and only ten genome sequences
are available, including those of M. infernorum strain V4 and the draft genome of
M. fumariolicum strain SolV (Hou et al., 2008; Khadem et al., 2012 b; van Passel
et al.,2011; Wagner & Horn, 2006).

In Chapter Two of this thesis, the draft genome of strain SolV was described.
The nucleotide sequence of the genome of strain SolV was unraveled using Next
Generation Sequencing technology. The genome analysis of strain SolV has shown
that there are similarities but also differences between the verrucomicrobial and
proteobacterial methanotrophs. If we look at the nitrogen metabolism we see that
both types of methanotrophs contain genes involved in nitrogen (N,) fixation. In
the area of the carbon metabolism, we see more differences. In the genome of
strain SolV, three different operons (pmoCAB) encoding the three subunits of
membrane-bound methane monooxygenases (pMMO) has been identified, along
with a different (uncommon) methanol dehydrogenase. The pMMO is a crucial
enzyme involved in the first step of the methane oxidation pathway, the conversion
of methane to methanol. It is known that proteobacterial methanotrophs are able to
assimilate carbon for biomass production, starting from formaldehyde, a substance
which is produced during the oxidation of methane. There are two pathways for the
assimilation of this formaldehyde, the ribulose monophosphate (RuMP) pathway,
in which all biomass is derived from formaldehyde and the serine pathway with
biomass derived from carbon dioxide and formaldehyde. The essential genes that

encode these two assimilation pathways were not found in the genome of strain
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SolV. Instead, genes encoding for enzymes involved in the Calvin-Benson-
Bassham (CBB) cycle were shown to be present in the genome. This suggested that
strain SolV can fix carbon dioxide for biomass synthesis. Also, genes involved in
carbon storage in the form of glycogen were identified. The genome data formed
the basis for the physiological studies (Chapter three, four and five) and the
transcriptome analyses (Chapter six).

N.-fixation by Methylacidiphilum fumariolicum SolV

Knowledge on atmospheric nitrogen (N,) fixation by methanotrophs is needed to
understand their role in nitrogen cycling in different environments. Based on
genetic and biochemical evidence, N, fixation capabilities were shown to be
broadly distributed among aerobic and anaerobic methanotrophs (Auman et al.,
2001; Dekas et al., 2009).

Since M. fumariolicum SolV is a novel thermoacidophilic aerobic methanotroph,
the aim of this study was to elucidate nitrogen fixation by this microorganism. In
Chapter Three, nitrogen fixation by strain SolV is presented. In this study, growth
experiments (in batch and chemostat), were combined with nitrogenase activity
tests (acetylene reduction to ethylene), and phylogenetic analysis of the nifDHK
genes (encoding the nitrogenase enzyme). The nitrogenase enzyme is responsible
for breaking the N-N bond and the formation of ammonium (NH,"), and is crucial
for nitrogen fixation. The results showed that strain SolV can fix nitrogen in
chemostat cultures only under low oxygen concentration (0.5 % dissolved oxygen)
and in absence of ammonium. This low oxygen concentration was shown to be
required for an optimal nitrogenase activity. Based on the acetylene (C,H,) assay
and the growth experiments, the nitrogenase of strain SolV seems extremely
oxygen sensitive compared to most proteobacterial methanotrophs. The activity of
nitrogenase was not inhibited by ammonium concentrations up to 94 mM. This
chapter is the first report on physiology of N, fixation within the Verrucomicrobia

phylum.
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CO. fixation by Methylacidiphilum fumariolicum SolV

Carbon fixation by methanotrophs has been a topic of research for decades, and
the assimilation via the CBB cycle by proteobacterial aerobic methanotrophs is
unlikely, because CBB is associated with high ATP requirements (Chistoserdova et
al., 2009).

Chapter Four focusses on carbon dioxide fixation by strain SolV. For this
study, strain SolV was grown in batch and chemostat cultures. The mRNA from
the cells was used for a transcriptome analysis, while also *C-labeling experiments
and ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO, the first and key
enzyme of the CBB cycle) activity tests were performed. To measure the activity of
RuBisCO a stable isotope method was developed. The results showed that the
genes involved in the CBB cycle, were highly expressed, especially the two genes
encoding for the large and small subunits of RuBisCO. The "C-labeling
experiments showed clearly that carbon dioxide is the carbon source for strain
SolV. The activity test of RuBisCO was only positive in the supernatant fraction of
the cell-free extract, which indicates that the enzyme is a cytosolic protein, being
not present in carboxysomes (organelles within the cell that are involved in carbon
dioxide fixation). By making use of gel electrophoresis and size-exclusion
chromatography, it was demonstrated that RuBisCO probably consist of 8 small
(16-kDa) and 8 large (54-kDa) subunits. Phylogenetic analysis including the cbbL
gene from strain SolV, encoding for the large subunit of RuBisCO, showed that the
verrucomicrobial RuBisCO’s represent a new type (suggested name: type IE).

Glycogen storage in Methylacidiphilum fumariolicum SolV

It is known that methanotrophs start to store carbon, when nitrogen becomes
limiting and carbon is in access. Many studies have been focusing on the
polyhydroxybutyrate (PHB) storage and its role in methanotrophs (Pieja et al.,
2011 a and b). In contrast detailed studies about glycogen production and its role in
methanotrophs are sparse (Eshinimaev et al., 2002; Linton & Cripps, 1978) and the
presence of glycogen is reported only based on microscopical observations.

The storage of carbon in the form of glycogen after ammonium exhaustion is
described in Chapter Five. For this study, fed-batch cultures of strain SolV were
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used. The cells were harvested at different time points during the growth period
and were used for electron microscopy, elementary analysis, and biochemical
analysis of protein and glycogen levels. Growth experiments showed that after the
exhaustion of the ammonium, optical density (measured at 600 nm) and dry weight
of strain SolV continued to increase for another 7 days. The cell number increased
only till 35 hours after the depletion of ammonium, and then stopped. The
elemental analysis (measuring the ratio of carbon/nitrogen), showed that after
ammonium exhaustion total nitrogen (mg per ml cell culture) did not increase,
while the total amount of carbon (mg per ml cell culture) was still increasing
linearly (although with decreasing speed), pointing to a possible carbon storage.
This was confirmed with an electron microscopic (specific staining), and
biochemical analysis (glucose measurement after enzymatic digestion) of
glycogen. These analyses have shown that strain SolV, immediately starts to
accumulate glycogen after depletion of ammonium. The importance of glycogen
for strain SolV was demonstrated on the basis of growth experiments under
substrate limitation. The results indicate that glycogen containing cells remained
vital for long periods in the absence of methane. Based on the analysis of "*C
carbon dioxide released from cells containing *C-labeled glycogen, it could be
concluded that the cells are consuming the stored glycogen in the absence of

methane, but that this was not linked to growth (increase in cell number).

Whole genome transcriptome analysis of Methylacidiphilum
Jumariolicum SolV

Cells grown under different conditions are the basis for the transcriptome
analysis described in Chapter Six. Exponentially growing cells in bottles (with
methane, carbon dioxide, oxygen and ammonium in excess), nitrogen-fixing cells
in the chemostat (no ammonium, and 0.5 % dissolved oxygen) and oxygen-limited
cells in the chemostat (with ammonium, methane and carbon dioxide in excess)
were compared with each other. The annotated genome (Chapter two) formed the
basis for the transcriptome analysis. Under nitrogen-fixing conditions, all genes
involved in this pathway are up-regulated. Under all conditions tested, the genes
involved in the CBB cycle are highly expressed. These results underscored the

importance of this cycle for the cell in the formation of biomass. Two of the three
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pmoCAB operons, encoding for the methane monooxygenases (pMMO’s), showed
differential expression. This appears to be dependent on the oxygen concentration.

The third operon was not expressed under any of the conditions tested in this study.

In conclusion this thesis describes a number of important properties of
Methylacidiphilum fumariolicum strain SolV, a representative of the recently
discovered methanotrophic Verrucomicrobia. The work performed is necessary to
assess the environmental importance of these microbes as a methane sink in
volcanic areas. The available draft genome, together with the transcriptome data of
cells from three different culture conditions, is very helpful for future design of
physiological experiments. Based on these data several future studies could be

suggested (see below).

e Dealing with nitrosative stress. If we want to understand the
methane fluxes from the geothermal areas, it is important to understand the
verrucomicrobial methanotrophs and their controlling environmental
factors. Beside the availability of methane and oxygen, nitrogen can have
an important role in methane oxidation and can be either an inhibiting or
stimulating factor. There are several studies with contradictory findings
about the inhibition, stimulation or absence of effect of ammonium based
N-fertilization on methanotrophs (Shrestha et al., 2010). In our study
optimal cultivation of strain SolV in the laboratory needs the addition of
Fangaia soil extract to the growth medium. In this study highly variable
ammonium concentrations (1 to 28 mM) were measured in soil extracts
sampled during different visits of the Solfatara. This might indicate that dry
seasons or heavy rain falls might influence the concentration of fixed
nitrogen. In the future more studies are required about the availability of
fixed nitrogen in the Solfatara ecosystem and the effect of ammonium
concentration on strain SolV. This study will help to predict the emission of
methane into the atmosphere from geothermal areas. In the draft genome of
strain SolV, genes for nitrite reduction (nirK) and nitric oxide reduction
(norB, nor(C), were identified but the inventory to encode nitrous oxide
reduction was missing. A haoAB gene cluster encoding hydroxylamine

oxidase was identified, suggesting the capability of nitrification and
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nitrosative stress handling (Nyerges et al., 2010; Nyerges & Stein, 2009;
Stein & Klotz, 2011).

The C2 metabolism of M. fumariolicum. In the draft genome of
M. fumariolicum SolV genes encoding for acetate kinase (ackA) and acetyl
coenzyme A synthase (acsA) were identified (Chapter Two) and shown to
be expressed (Chapter six). If these data can be further validated by growth
experiments on acetate, demonstrating that strain SolV is able to assimilate
C2 compounds, and thus should be regarded as a facultative methanotroph
(Semrau et al., 2011).

Autotrophic growth. The '"C-labeling experiments in chemostat
cultures have demonstrated that carbon dioxide was the carbon source for
strain SolV (Chapter Four). To provide the ultimate proof that M.
fumariolicum 1is an autotrophic microorganism, knockout and
complementation studies are required, for which a genetic system has to be
developed. In addition the presence of a hydrogenase gene cluster in the
genome of strain SolV (Chapter Two) points towards the possibility of
using hydrogen gas (H;) as an alternative electron donor and the possibility
of chemolithotrophic growth or the use of hydrogen to provide reducing

equivalents for methane oxidation.

Differential regulation of the three pmoCAB operons. One
of the pmoCAB operons was not expressed under the different conditions
tested in the transcriptome analysis (Chapter six). Thus far it became clear
that the oxygen concentration has an effect on the expression of the other
operons. It could be hypothesized that the available methane concentration
is a trigger for the pmoCAB3 operon, or this pMMO may have a function in
oxidizing higher alkanes. Growth studies in methane limited chemostat
cultures or batch cultures with higher alkanes (propane, butane) as

substrates may provide answers.
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Analysis of the ultrastructure. Detailed analysis of the
ultrastructure, including the cellular localization of the enzymes involved in
methane oxidation, especially the pMMO enzyme, would be very
interesting, since the verrucomicrobial methanotrophs lack the internal

membrane structures, like those found in proteobacterial methanotrophs.

Detection of the verrucomicrobial methanotrophs. For the
detection of microorganisms in the environment, it is important to identify
a marker gene suitable for that particular microorganism. The availability
of a large database of 16S ribosomal RNA gene sequences makes this gene
a good marker to detect microorganisms at different taxonomic levels. In
addition and as a complementary method, the pmoA gene is used to detect
aerobic methanotrophs in the environment (McDonald et al., 2008). This
functional gene is more unique to the physiology and metabolism of the
proteobacterial aerobic methanotrophs and is found in all genera of the
proteobacterial methanotrophs, except for Methylocella silvestris BL2
(Chen et al., 2010). A phylogenetic tree of the proteobacterial aerobic
methanotrophs based on pmoA gene sequences corresponds very well with
16S ribosomal RNA phylogeny, except for Crenothrix polyspora (Stoecker
et al., 2006). No amplification of the verrucomicrobial methanotrophic
pmoA gene was observed, when using the standard pmoAd gene primer
system. Since the proteobacterial pmoA gene primer contained multiple
mismatches to all of the pmoAd genes in the verrucomicrobial
methanotrophic strains, these genes were only identified by full genome
sequencing. Pol et al. (2007) were able to detect some related
Methylacidiphilum-like pmoA sequences in Solfatara soil, but only when
the PCR stringency was greatly reduced. These results suggests that the
failure to detect Verrucomicrobia-like pmoA genes in previous microbial
ecology studies does not necessarily mean that this type of bacteria were
absent from the environments studied. The discovery of the novel
verrucomicrobial pMMO’s has made clear that designing new primers is
worthwhile and urgently needed.

Since the methods described above cannot distinguishes between living and

dead microorganisms, the presence of active methanotrophs can also be
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assessed by stable isotope probing (SIP) and phospholipid fatty-acid
labeling (PFAL). These techniques rely on the incorporation of the labeled
methane into DNA/RNA or lipids, respectively (McDonald et al., 2008 and
references therein). However, the autotrophic nature of the
verrucomicrobial methanotrophs has large consequences for their detection
in the environment. The use of SIP and PFAL methods will overlook the
involvement of these autotrophic methanotrophs especially in environments
with high carbon dioxide concentrations. The cbbL genes are usually
applied as a molecular marker to study the distribution and diversity of
autotrophic bacteria. The verrucomicrobial RuBisCO type has not been
detected before by molecular approaches. This can be explained by the
mismatches observed in this study for all the available RuBisCO primer
sets (Alfreider et al., 2009; Elsaied et al., 2007; Selesi et al., 2007; Tourova
et al., 2010). In the future, research into the occurrence of methanotrophic
Verrucomicrobia in colder and less acidic regions could be started by
developing novel specific primer sets to detect phylogenetic (16S
ribosomal RNA) and functional gene markers (e.g. pmoA, cbbL).
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Kweken van Methylacidiphilum fumariolicum stam SolV onder specifieke conditie.
Foto door Ahmad F. Khadem.
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Methaan (CHy) is na koolstofdioxide (CO,) het belangrijkste broeikasgas. De
toename van beide gassen in de atmosfeer zorgt voor opwarming van de aarde.
Methaan in de atmosfeer is afkomstig van zowel natuurlijke als antropogene
bronnen. Methaan wordt geproduceerd door methanogene Archaea, die actief zijn
bij de afbraak van organisch materiaal onder ana€robe omstandigheden. Daarnaast
wordt er ook (niet-biologisch) methaan gevormd tijdens geothermale processen.
Gelukkig komt niet al dit geproduceerde methaan in de atmosfeer terecht. Een
groot gedeelte van het geproduceerde methaan wordt afgebroken door
methaanoxiderende bacterién (ook bekend als methanotrofe bacteri€én). Aérobe
methanotrofe bacteri€n zijn micro-organismen die methaan als energie- en
koolstofbron gebruiken. Tot 2007 konden alle toendertijd bekende genera van
aérobe methanotrofen geplaatst worden binnen de Proteobacterién. In dit
proefschrift echter worden de resultaten van vier jaar onderzoek aan een nieuwe,
niet proteobacteri€le methanotroof, Methylacidiphilum fumariolicum stam SolV,
beschreven. Dit micro-organisme werd geisoleerd uit een monster afkomstig uit
een vulkanisch gebied in Itali€, dicht bij Naples en werd in 2007 beschreven.
Fylogenetische analyse gebaseerd op het 16S ribosoomaal RNA gen heeft laten
zien, dat stam SolV samen met twee andere stammen (V4 en Kaml), die geisoleerd
werden uit vulkanische gebieden in Rusland en Nieuw-Zeeland, een nieuw type
methanotrofen vertegenwoordigen die behoren tot de Verrucomicrobia. Alle drie
stammen zijn goed aangepast aan de barre vulkanische omgeving en kunnen leven
op zeer lage concentraties methaan en zuurstof, bij hoge temperaturen (50-95 °C)
en pH waarden van 1. Het was voor het eerst dat representanten van de
Verrucomicrobia, waarvan bekend is dat ze in hoge aantallen en in veel gebieden
op aarde voorkomen, gekoppeld konden worden aan een geochemische cyclus.
Omdat methaan bijdraagt aan het broeikaseffect, is het belangrijk dat we onze
kennis over methaanoxiderende bacterién uitbreiden. Om de biochemie en
fysiologie van Methylacidiphilum fumariolicum stam SolV te ontrafelen, heb ik in
mijn onderzoek verschillende technieken zoals genoom-, transcriptoom analyses,

. . 1 . . .
elektronen microscopie en *C-labelingsexperimenten uitgevoerd.

Khadem, A. F. (2012) 197



Nederlandse samenvatting Methanotrofie onder extreme condities

In Hoofdstuk Twee van dit proefschrift wordt het genoom van stam SolV
beschreven. De basepaar volgorde van het genoom van stam SolV werd met behulp
van ‘next generation sequencing’ in kaart gebracht. De genoom analyse van stam
SolV heeft laten zien, dat er overeenkomsten maar ook verschillen zijn tussen de
verrucomicrobiéle en de proteobacteriéle methanotrofen. Als we kijken naar het
stiksofmetabolisme zien we dat beide typen methanotrofen genen bevatten die
betroken zijn bij de stikstof (N;) fixatie. Op het gebied van het
koolstofmetabolisme zien we grotere verschillen. In het genoom van stam SolV
werden maar liefst drie verschillende operonen (pmoCAB) coderend voor de drie
subunits van membraan gebonden methaanmonooxygenases (pMMO)
geidentificeerd, samen met een afwijkend methanol dehydrogenase. Het pMMO is
een cruciaal enzym betrokken bij de eerste stap van de methaanoxidatieroute, de
omzetting van methaan in methanol. Het is bekend dat proteobacteri€le
methanotrofen koolstof kunnen assimileren voor biomassa productie, startend
vanaf formaldehyde, een stof die geproduceerd wordt tijdens de oxidatie van
methaan. Hiervoor bestaan twee routes, de ribulose monofosfaat route (RuMP; alle
biomassa is afkomstig van formaldehyde) en de serine route (biomassa is
afkomstig van formaldehyde en koolstofdioxide). De essentiéle genen die voor
deze twee assimilatieroutes coderen werden niet gevonden in het genoom van
Methylacidiphilum fumariolicum stam SolV. In plaats daarvan bleken genen die
coderen voor enzymen betrokken bij de Calvin-Benson-Bassham (CBB) route
aanwezig in het genoom. Dit suggereerde dat stam SolV koolstofdioxide kan
fixeren voor biomassa synthese. Ook genen betrokken bij opslag van koolstof in de
vorm van glycogeen werden geidentificeerd. De genoom data vormden de basis
voor fysiologische studies (Hoofdstuk drie, vier en vijf) en transcriptoom analyses
(Hoofdstuk zes).
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In Hoofdstuk Drie wordt de stikstoffixatie door stam SolV gepresenteerd. In
deze studie werden groeiexperimenten (in batch en chemostaat) gecombineerd met
nitrogenase activiteitstesten (acetyleen reductie naar ethyleen) en fylogenetische
analyse van de nifDHK genen (die coderen voor het nitrogenase enzym). Het
nitrogenase enzym zorgt voor het verbreken van de N-N binding en de vorming
van ammonium (NH,"), en is cruciaal voor de stikstoffixatie. De resultaten laten
zien dat stam SolV alleen onder lage zuurstofconcentratie (0.5 % opgeloste
zuurstof) en in afwezigheid van ammonium stikstof kan fixeren. Het nitrogenase
van de verrucomicrobiéle methanotrofen lijkt gevoeliger voor zuurstof dan het

nitrogenase van proteobacteri€le methanotrofen.

Hoofdstuk Vier beschrijft de koolstofdioxidefixatie door stam SolV. Ook voor
deze studie werd stam SolV gekweekt onder batch en chemostaat condities. Het
messenger RNA uit de cellen werd gebruikt voor een transcriptoom analyse, terwijl
daarnaast ook  '*C-labelingsexperimenten en  ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) activiteitstesten werden uitgevoerd. De
resultaten lieten zien dat de genen betrokken bij de CBB route, hoog tot expressie
kwamen, vooral de twee genen coderend voor RuBisCO, het belangrijke eerste
enzym van de CBB route. “C-labelingsexperimenten maakten duidelijk dat
koolstofdioxide de koolstofbron is voor stam SolV. De RuBisCO activiteitstest was
alleen positief in de supernatant fractie van het celvrij extract, wat er op duidt dat
het enzym vrij in de cel voorkomt en niet in carboxysomen (organellen in de cel
die betrokken zijn bij koolstofdioxidefixatie). Door gebruik te maken van
gelelectroforese en size-exclusion chromatografie, kon aangetoond worden dat
RuBisCO waarschijnlijk uit 8 kleine (16-kDa) en 8 grote (54-kDa) subunits bestaat.
Fylogenetische analyse van het RuBisCO gen cbbL liet zien dat er sprake is van

een nieuw type RuBisCO (gesuggereerde naam: type IE).
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De opslag van koolstof in de vorm van glycogeen na ammoniumuitputting wordt
beschreven in Hoofdstuk Vijf. Voor deze studie werden fed-batch kweken
gebruikt. De cellen werden geoogst op verschillende tijdstippen tijdens de groei en
gebruikt voor elektronen microscopie, elementaire- en biochemische analyses van
eiwit- en glycogeengehaltes. De groeiexperimenten lieten zien dat na het opraken
van het ammonium de toename in optische dichtheid (gemeten bij 600 nm) en
drooggewicht van stam SolV nog gedurende 7 dagen doorging. Het celaantal steeg
nog slechts 35 uur na het opraken van het ammonium, en stopte vervolgens. De
elementaire analyse (geeft de verhouding koolstof / stikstof aan), heeft laten zien,
dat na ammoniumuitputting de totale hoeveelheid stikstof (mg per ml celcultuur)
niet meer toenam, terwijl de totale hoeveelheid koolstof (mg per ml celcultuur) nog
steeds lineair toenam (weliswaar met afnemende snelheid). Dit wees op een
mogelijke koolstofopslag. Dit werd bevestigd met een elektronen microscopische
(specifieke kleuring) en biochemische analyse (glucose meting). Deze analyses
hebben laten zien, dat stam SolV, direct begint met glycogeen te accumuleren, na
het opraken van het ammonium. Het belang van glycogeen voor stam SolV werd
aangetoond aan de hand van groeiexperimenten onder substraatlimitatie. De
resultaten wijzen er op, dat glycogeen bevattende cellen vitaler bleven gedurende
lange periodes (40 dagen) bij afwezigheid van methaan. Gebaseerd op de analyse
van vrijkomend "*C-koolstofdioxide uit met *C-glycogeen opgeladen cellen kon
geconcludeerd worden, dat de cellen glycogeen consumeerden in afwezigheid van

methaan, maar dat dit niet gekoppeld was aan groei (toename in aantal cellen).
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Cellen gekweekt onder verschillende omstandigheden vormen de basis voor de
transcriptoom analyse beschreven in Hoofdstuk Zes. Exponentieel groeiende
cellen in flessen (met methaan, koolstofdioxide, zuurstof en ammonium in
overmaat), stikstof fixerende cellen in de chemostaat (met methaan,
koolstofdioxide en 0.5 % opgelost zuurstof, maar geen ammonium) en zuurstof
gelimiteerde cellen in de chemostaat (met ammonium, methaan en koolstofdioxide
in overmaat) werden met elkaar vergeleken. Het geannoteerde genoom (Hoofdstuk
twee) vormde de basis voor de transcriptoom analyses en de fysiologische studies
(Hoofdstuk drie, vier en vijf) werden verder onderbouwd. Onder stikstof fixerende
condities werden alle genen betrokken bij deze route geactiveerd. Onder alle
omstandigheden kwamen de genen betrokken bij de CBB route hoog tot expressie.
Dit resultaat onderbouwt het belang van deze route voor de cel bij de vorming van
biomassa. Twee van de drie operonen met pmo genen lieten differentiéle expressie
zien, die afhankelijk lijkt te zijn van de zuurstofconcentratie. Het derde operon

kwam onder geen van de geteste condities tot expressie.

Dit proefschrift beschrijft een aantal belangrijke eigenschappen van
Methylacidiphilum fumariolicum stam SolV, een vertegenwoordiger van de recent
ontdekte methanotrofe Verrucomicrobia, met als doel de rol van deze micro-
organismen als methaan consumeerders in vulkanische gebieden beter te begrijpen.
In Hoofdstuk Zeven wordt een samenvatting gegeven van de resultaten en worden
suggesties gedaan voor vervolgonderzoek. Speerpunten voor dit onderzoek zouden
kunnen zijn:

e de mogelijkheden van stam SolV bij het omgaan met “nitrosative stress”.

e het C2 metabolisme (o.a. het gebruik van acetaat) van stam SolV.

e de mogelijkheden tot autotrofe groei op waterstofgas (H,) als alternatieve
elektronendonor.

e de differenti€le regulatie van de drie pMMO coderende pmoCAB operonen.

o gedetailleerde analyse van de ultrastructuur inclusief de cellulaire
localisatie van de enzymen betrokken bij methaan-oxidatie.

e onderzoek naar het voorkomen van methanotrofe Verrucomicrobia in
koudere en minder zure gebieden door het ontwikkelen van specifieke

primer sets (pmoA, cbbL, 16S ribosoomaal RNA etc.) en biomarkers.
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Size exclusion chromatography.
Foto door Ahmad F. Khadem.
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