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Nordic Co-operation in Agriculture and Forestry

Agriculture and forestry in the Nordic countries are based on similar natural pre-requisites, and often
face common challenges. This has resulted in a long-established tradition of Nordic co-operation in
agriculture and forestry. Within the framework of the Plan of Action 1996-2000, the Nordic Council
of Ministers (ministers of agriculture and forestry) has given priority to co-operation on quality
agricultural production emphazising environmental aspects, the management of genetic resources,
the development of regions depending on agriculture and forestry and sustainable forestry.

Nordic co-operation

Nordic co-operation, one of the oldest and most wide-ranging regional partnerships in the world,
involves Denmark, Finland, Iceland, Norway, Sweden, the Faroe Islands, Greenland and Aland. Co-
operation reinforces the sense of Nordic community while respecting national differences and simi-
larities, makes it possible to uphold Nordic interests in the world at large and promotes positive
relations between neighbouring peoples.

Co-operation was formalised in 1952 when the Nordic Council was set up as a forum for parlia-
mentarians and governments. The Helsinki Treaty of 1962 has formed the framework for Nordic
partnership ever since. The Nordic Council of Ministers was set up in 1971 as the formal forum for
co-operation between the governments of the Nordic countries and the political leadership of the
autonomous areas, i.e. the Faroe Islands, Greenland and Aland.
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Summary

This report focuses on the presence of methane oxidising bacteria
(methanotrophs), their functional characteristics and diversity in different
soil communities. The methanotrophs are responsible for removal of the
greenhouse gas methane by biological oxidation of methane to carbon
dioxide. In addition, they also have the capacity to degrade different
halogenated hydrocarbons of environmental concern. The key function of
methanotrophs as methane consumers and degraders of halogenated hy-
drocarbons combined with the fact that the methanotrophs are represented
by two major groups of closely related microorganisms, bring them in the
perspective of being potentially useful indicators of environmental per-
turbations.

The project has developed and used new techniques enabling quantifi-
cation and isolation of methanotrophs from soils at different latitudes in
Scandinavia. The soils have been collected from a landfill site, Denmark
as well as from different wetland areas located in Denmark, and in Nor-
way (including Svalbard).

Effects of climate on diversity and temperature adaptation among
methanotrops were studied. None of the methanotrophs were found to be
adapted for growth at permanently low temperatures. However, one of
the two main groups of methanotrophs, the Type I, generally grew better
at lower temperatures as compared to the type II methanotrophs. The
landfill surface soil had a dominance of type II methanotrophs , while the
wetland soil had a mixed population of type I and type Il methanotrophs.
Molecular analyses describing the diversity revealed stable community
profiles through subsequent growing seasons for the different sites.

The capacity to degrade the two atmospheric pollutants dichloro-
fluoromethane (HCFC-21) and chlorodifluoromethane (HCFC-22) was
investigated for type I and type II isolates originating from a landfill site
and a natural wetland area located in Denmark. We were not able to
demonstrate degradation of HCFC-22, but up to 50% of added HCFC-21
was degraded in pure culture studies. No correlation between the degra-
dation capacity and species affiliation of the methanotrophs or character-
istics of the methane monooxygenase enzyme was demonstrated.

The project did not identify a simple correlation between climatic
variation or environmental stress and the variation in composition of the
methanotroph community. More knowledge about temperature dependent
interactions between type I and type II methanotrophs is needed before
they can be used as a useful indicator revealing ecological consequences
of changes in climate. In addition to different temperature optima for type
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I and type II methanotrophs, it is known that type II methanotrophs
dominate in environments of high methane production. Increased tem-
peratures followed by elevated methane production can be reflected as
changes in the methanotroph community. The community structure and
quantification of methanotrophs can be promising methanotroph-related
parameters to include as useful indicators of environmental changes as a
result of e.g. global warming. However to evaluate this, further experi-
mental microcosms studies and in situ measurements should be done.

The project has developed new techniques and established a solid col-
lection of methanotrophs from Nordic soils. This allows high throughput
screening of soil samples with respect to presence of type I and type 11
methanotrophs and it will be possible to include this indicator in already
established or in upcoming soil monitoring programmes.



Sammendrag

Milje indikatorer kan betragtes som parametre der giver mulighed for en
tolkning af miljeets tilstand som raekker ud over det, det méilte reprasen-
terer i sig selv. Mikrobiologiske processer eller forekomsten af bestemte
mikroorganismer (f.eks. bakterier, svampe, protozoer) har i forskellig
sammenhang varet foresldet som egnede miljeindikatorer. Mikroorga-
nismer har typisk en kort respons tid og er samtidigt helt centrale for om-
setning af kulstof, neringssalte og for nedbrydningen af en rekke miljo
fremmede stoffer. Selvom mikrobiologiske indikatorer giver mulighed
for hurtige svar pa @ndringer i miljoet allerede i en tidlig fase har anven-
delsen af disse i dag en reekke begransninger. Felsomheden over for pé-
virkninger er ofte meget hgj hvilket betyder at indikatoren ogsa reagerer
pa f.eks. s@son bestemte udsving og méske endda pé selve den eksperi-
mentelle procedure. Dernzest er tolkningen af en forandring tit vanskelig
— Det er ofte svaert at besvare spergsmalet: Var resultatet et udtryk for en
positiv, negativ eller neutral udvikling i f.t. de samfundsmassige eller
politiske mélsatninger pad omradet?

Dette projekt har fokus pa metanoxidationen og metanooxiderende
bakteriers udbredelse i jordmiljeet, deres funktionelle karakteristika og
det metanoxiderende samfunds diversitet. Denne bakteriegruppe fjerner
drivhusgassen metan ved en biologisk oxidation til kuldioxid, og den
spiller ligeledes en vesentlig rolle for nedbrydningen af en raeekke halo-
generede kulbrinter som er ugnskede i miljoet. Disse meget centrale funk-
tioner ogsé set i et miljomaessigt perspektiv sammenholdt med at bakteri-
erne tilherer to overordnede grupper inden for hvilke de kan betragtes
som nert beslegtede, er kriterier som gor denne bakterie gruppe til en
potentielt lovende miljeindikator. I projektet er nye teknikker til kvantifi-
cering og isolering af de metanoxiderende bakterier blevet udviklet og
anvendt pa forskellige jorde fra Skandinavien. Disse miljger reprasente-
rer dels en miljgbelastet lokalitet (losseplads, Danmark) og dels vand-
mettede jorde fra henholdsvis Danmark (Roskilde) og Norge (Tromse og
Svalbard).

Effekter af klimaforskelle pa diversitet og pa temperatur-tilpasning
blev undersogt i et sammenlignende studie som inkluderer vandmattede
jorde fra henholdsvis Roskilde, Tromse og Svalbard. Det kunne konklu-
deres at de anvendte molekylere metoder til karakterisering af de meta-
noxiderende bakteriers diversitet gav et stabilt billede af denne over tid.
Der kunne ikke identificeres metanotrofer som havde en veekstform der
var tilpasset lave temperaturer. Derimod observerede vi at den ene af
hovedgrupperne inden for de metanoxiderende bakterier (Type I meta-
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notroferne) generelt havde en storre evne til vaekst ved lave temperaturer
end isolater tilherende den anden hovedgruppe (Type Il metanotroferne).

Nedbrydningspotentialet for de miljefremmede stoffer diklorofluoro-
metan (HCFC-21) og klorodifluoromethan (HCFC-22) blev undersogt i et
sammenlignende studie af metanoxiderende bakterier isoleret fra en
dansk losseplads og en dansk strandeng. Der blev fundet en dominans af
type Il metanoxiderende bakterier i lossepladsen mens strandengen ogsa
havde et stort antal tilherende type I hovedgruppen. Undersogelsen kunne
ikke demonstrere nedbrydning af gassen HCFC-22 (klorodifluorometan),
hvorimod op til halvdelen af den tilsatte maengde HCFC-21 (di-
klorofluorometan) blev nedbrudt i renkultur studier. Der kunne ikke pévi-
ses nogen sammenhang imellem nedbrydningspotentialet og isolaternes
slegtskabsforhold eller metanmonooxygenasernes karakteristika med
hensyn til substrat-specificitet.

Som en miljeindikator er der i projektet ikke blevet identificeret en
simpel entydig sammenhang imellem klimavariation eller miljebelast-
ning og sammensa&tningen af de metanotrofe samfund. Med hensyn til en
potentiel anvendelse af metanotrofer som en indikator for klima foran-
dringer vil vi vurdere at der er behov for mere viden som kan afdaekke
samspillet imellem frekvensen af type I og type Il metanotrofer i specielt
arktiske og subarktiske tundra jorde og endringer i temperaturforhold.
Det vurderer vi ud fra den viden vi har om dels forskelle i temperatur
optimum for de to hovedgrupper (type I og type II) og dels fra en viden
om at den ene gruppe (type 1I) dominerer i organisk rige miljeer med stor
metan-produktion. Et scenario med en temperaturstigning, og en deraf
folgende foregelse i tilgengeligt organisk materiale, samt eget metan-
produktion vil samlet forventes at medfere en oget tilstedeverelse af type
IT metanotrofer, hvorimod det omvendte vil forventes ved et temperatur-
fald. Der eksisterer i dag ikke de systematiske beskrivelser af type I og
type II metanotrofernes udbredelse i bestemte miljeer over tid som vil
vaere en forudsatning for at kunne udvikle og validere en brugbar milje-
indikator péd dette omrade. Men med de nye teknikker som bl.a. er udvik-
let og anvendt i projektet til beskrivelse af de metanotrofe samfund, vil
det dog vaere inden for reekkevidde at etablere dette f.eks. i tilknytning til
et overvagningsprogram.



Introduction

In this paper we present data from our experimental work in the project
“Methane oxidising bacteria as an integrated environmental indicator”
commissioned by the Nordic Council of Ministers. Our data is then dis-
cussed with regard to the potential of methane oxidising bacteria as envi-
ronmental indicators. The present research does not seek to reproduce
monitoring surveys of methanotrophs or their processes that are already
recognised as useful environmental indicators. Instead, it describes inno-
vative and reliable methodologies that enable the study of methanotroph
communities in soil both directly and by isolation of the bacteria. We
emphasise the stability and functional adaptation of methanotroph com-
munities to climate and to environmental pollution. This provides a better
platform for the evaluation of methanotrophy as a microbial indicator in
Nordic soils.






The concept of environmental
microbial indicators

The basis for the use of environmental indicators is the relationship of
societal and industrial development to key scientific measures of envi-
ronmental impact. A number of different criteria characterise the individ-
ual indicators and may limit their use to specific situations. However, a
general definition of a successful indicator is given by Nielsen & Wind-
inge (2002) and Christensen & Mgller (1992):

A (microbial) parameter that represents properties of the environment (state vari-
able) or impacts to the environment, which can be interpreted beyond the informa-
tion that the measured or observed parameter represents by itself.

This definition implies that the indicators should condense or reduce the
complexity of data without severe loss of information — and thereby allow
quick, cost-effective monitoring of the state of the environment to yield
data that can be easily communicated to society.

The focus on microbes and microbiologically mediated processes as
environmental indicators builds on the ability of micro-organisms to re-
spond quickly to changes and rapidly adapt to new environmental condi-
tions due to their extremely short generation times (minutes — hours —
days) compared to higher organisms (weeks — months — years). The key
role of micro-organisms in the environment with respect to nutrient cy-
cling, removal of contaminants and production of important metabolites
(e.g. soil secondary structures, maintenance of plant health and soil qual-
ity) makes them suitable as predictive tools for impact assessment. An-
other attractive feature of using microbial parameters as indicators is the
very broad spectrum of relatively cheap and simple methodologies that
can be implemented in most countries. If the indicator predicts ecological
developments at higher trophic levels than the microbiota alone, the
choice of a microbial indicator is very appealing.

Soil monitoring programmes and measures of environmental impact
of new chemical or biotechnological solutions already include the activity
or presence of some micro-organisms in the experiments (Nielsen 2002).
The most frequently used indicators are soil respiration and microbial
biomass, but indicator micro-organisms (e.g. nitrifying bacteria, N, -
fixing bacteria, mychorrhiza) are sometimes included.

In 1993, the OECD established the following three basic requirements
for environmental indicators:
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e Policy relevance
e Analytical soundness
e Measurability

However, interpretation of microbial indicator data beyond the informa-
tion they offer to fulfil these criteria is not without problems. Kapusta
(1999) argues that the microbial parameters of use do not represent the
relevant assessment endpoints (defined as the valued resources to be con-
sidered, e.g. endangered species) but are rather “secondary or even terti-
ary endpoints tied to one of the primary endpoint categories”. Another
commentary highlights the difficulties in linking impact on measurable
microbial activities to ecological impact (Sheppard 1999). According to
Sheppard (op. cit.) the linkage fails due to problems such as: 1) compen-
sation processes — the ecological process is continued by organisms or
enzymes other than those measured; 2) use of non-specific assays; 3)
difficulties in obtaining reproducible results due to the complex responses
of the microbes during sampling and handling; and 4) ambiguous bene-
fits/detriments — it is not clear weather a change should be interpreted as
beneficial, detrimental or is ecologically neutral.

Certain features of methanotrophs and the ability of these bacteria to
oxidise methane make them a potential microbial indicator, at least from
a theoretical point of view. The unique capacity of methanotrophs to re-
move the greenhouse gas methane, and their ability to remove a number
of halogenated C-1 or C-2 compounds of environmental concern, link
them to one endpoint of clear political concern, namely global climate
change and its consequences. Further, the narrow link between the pri-
mary ecological function of methanotrophs, i.e. removal of methane, and
their relatively limited evolutionary versatility reduces the problem of
compensation processes. Methanotrophs are therefore superior for study-
ing the link between the diversity of a specific population and the eco-
logical process they perform. Using molecular tools, it is possible to ad-
dress changes in diversity or abundance of methanotrophs and relate
these to how the specific process (removal of methane in the environ-
ment) proceeds. This is advantageous in the selection of microbes or pro-
cesses as indicators of environmental disturbance.

However, other characteristics complicate the interpretation of data.
The adverse effect of various halocarbons that on the one hand are co-
metabolised by the methanotrophs but on the other hand inhibit the oxida-
tion of methane, is an example of complexity affecting the use of metha-
notrophs as indicators of pollution. Further, interpretation of possible
changes in the diversity of methanotrophs seems complicated in the con-
text of human activities that are considered harmful to the environment.
The question of whether the observed change is a sign of a beneficial,
detrimental or an ecologically neutral development is a difficult one,
partly due to the lack of suitable baseline values or a frame of reference.



The methane oxidising bacteria

The methane oxidising bacteria are commonly known as methanotrophs.
They are able to utilise the greenhouse gas methane, CH4, as their sole
source of carbon and energy. Some methanotrophs are also reported to
utilise methanol, CH30OH. Since methanotrophs use methane and utilise
methanol and other 1-carbon compounds as intermediates in their energy
metabolism, they are members of larger group of bacteria called the me-
thylotrophs. The methylotrophs are obligate 1-carbon utilisers.

The first well-described methane oxidising bacterium was isolated
from plant material in 1906 by Sohngen (cited from Hanson et al. 1991).
However, the habitats of methanotrophs are numerous and include most
freshwater, marine and terrestrial environments. The most methanotroph-
rich communities are typically found in organic rich soils and sediments,
sewage sludge and calcareous swamps (Hanson et al. 1991).

Fig.

1. Transmission electron micrographs of the type | methanotroph Methylocystis
parvus OBBP (left), and the type | methanotroph Methylomonas methanica S1
(right). The micrographs illustrate the different intracytoplasmic membrane ar-
rangements: paired membranes aligned to the periphery of the cell in type I
methanotrophs, and bundles of vesicular discs in type | methanotrophs. The scale
bars represent 200 nm.
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Methanotrophs are divided into two main groups: type I and type II,
based on different physiological characteristics. The two groups are only
distantly related. Type I methanotrophs belong to the gamma subgroup of
the proteobacteria, and include the species Methylomonas, Methylococ-
cus, Methylocaldum, Methylosphaera, Methylomicrobium, Methylosar-
cina and Methylobacter. They have intracytoplasmic membranes ar-
ranged in bundles of vesicular discs (Fig.1, right), 16-carbon phosphol-
ipid fatty acids, and assimilate formaldehyde by the ribulose
monophosphate (RuMP) pathway (Fig. 2).

Type | Type Il
CH
CYT Crep *_ NADH+H'
pMMO 0, 0, sMMO
membrane bound soluble
methane monooxygenase methane monooxygenase
(in addition
HO H,0 to pMMO)
CYT Cye NAD
v
CH,OH
CYT Coyx
MDH

methanol dehydrogenase

CYT Crep

RuMP Serine

pathway pathway

3 HCHO 2 HCHO + CO
Cs Cs

Fig. 2: Pathways for the oxidation of methane (CH4) and assimilation of formal-
dehyde (HCHO) for type | and type Il methanotrophs (modified from Hanson &
Hanson 1996). The enzymes involved are MMO (methane monooxygenase),
MDH (methanol dehydrogenase), FADH (formaldehyde dehydrogenase) and
FDH (formate dehydrogenase).

The type Il methanotrophs belong to the alpha subunit of the proteobacte-
ria and include the species Methylocystis, Methylocella, Methylocapsa
and Methylosinus. They assimilate formaldehyde by the serine pathway,
have 18-carbon phospholipid fatty acids and paired intracellular mem-
branes aligned to the periphery of the cell (Fig. 1, left). The membrane
arrangements of the type Il genera Methylocella and Methylocapsa are,
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however, different from other common described methanotrophs. For
further reading on the species relations of methanotrophs, see Hanson et
al. (1991). The characteristics of methanotrophs with respect to their phy-
logeny, membrane arrangements and phospholipid fatty acids are impor-
tant components in the identification of methanotroph isolates obtained
from the environment, and also for direct monitoring of methanotroph
communities.

Methanotrophs contain the key enzyme methane monooxygenase
(MMO). This enzyme oxidises methane to methanol. The reaction uses
energy (reducing power) to break the O-O bound in dioxygen (O,). One
oxygen atom is incorporated into methanol (CH;OH), while the other is
used to form water (H,O). The energy required for the oxidation of meth-
ane to methanol and for bacterial growth is derived from further oxidation
of methanol, via formaldehyde (HCHO) and formate (HCOOH) to carbon
dioxide (CO,) (Fig. 2). The methane monooxygenase (MMO) enzyme
exists in two different forms: a soluble form (sMMO) and a membrane
bound form (pMMO). Most methanotrophs contain pMMO but some
species also have sMMO, which is expressed by low copper concentra-
tion during growth in environments (Hanson & Hanson 1996).

The MMO enzyme has been the subject of extensive biochemical and
molecular research. The particulate methane monooxygenase (pMMO) is
integrated into the inner membrane of the bacterial cell wall and is a cop-
per protein (Zahn & DiSpirito 1996). The other methane monooxygenase
is present within the cellular fluid (cytoplasma) and is therefore called the
soluble methane monooxygenase (sMMO). This enzyme differs bio-
chemically from the pMMO by having a di-ion centre at the active site
for methane oxidation (Rosenzweig et al., 1993). Further, it is inducible,
meaning that it is only expressed when, for example, copper deficiency
prevents expression of pMMO. Methanotrophs expressing pMMO have
higher growth yield, as pMMO is more specific and has a higher affinity
for methane than sMMO (Hanson & Hanson, 1996). Therefore, methano-
trophs expressing SMMO can better utilise habitats with low concentra-
tions of copper.

The most important difference between the two enzymes in an envi-
ronmental perspective is that the function of the SMMO enzyme is less
specific than the pMMO enzyme. The enzyme also has an affinity for
other methane-like C-1 and even C-2 compounds, many of which are
solvents of environmental concern. Assessment of methanotrophs as en-
vironmental indicators necessitates a thorough understanding of the regu-
lation and function of the two enzymes in relation to the affinity for meth-
ane and other C-1 compounds of environmental concern. Since the
different methanotrophs express either pMMO or sMMO, the bacteria are
also expected to have different capacities for removal of methane and
other harmful compounds from the environment. A thorough understand-
ing of environmental effects on the structure of the methanotroph com-
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munity and its metabolic competence is a prerequisite for the successful
use of methanotroph-related parameters as environmental indicators.



Role of methanotrophs in the
environment

Removal of methane

Methane is a greenhouse gas 30 times more powerful in absorbing infra-
red radiation than carbon dioxide, and its relative contribution to climate
change is estimated to approx. 18% (cited from Hanson & Hanson 1996).
Globally, approx. 500 Tg of atmospheric methane is produced each year.
The source of methane is partly of industrial origin (agricultural and in-
dustrial emissions) and partly of natural origin. Methane is produced
naturally in anaerobic environments by methanogenic bacteria belonging
to the domain Archaea. Approximately 90% of the produced atmospheric
methane is oxidised by photochemical reactions in the troposphere (see
Fig. 3) while an estimated 2% is removed by microbial oxidation in soils
(Hanson & Hanson 1996).

Wetland areas are considered to be important sources of methane and
have been estimated to account for about 20% of the methane emitted to
the atmosphere (Hanson & Hanson 1996). Arctic tundra contributes sig-
nificantly to this emission, but more importantly it represents a major
pool of the world’s organic carbon and may become a significant source
of methane due to climatic warming. Most models predict that high lati-
tude regions will exhibit the greatest variations in temperature and hu-
midity due to global warming (Maxwell B., 1992). It has been shown that
methane flux in northern peat-lands and tundra wetlands is mainly regu-
lated by the position of the water table and temperature (Martikainen et
al., 1993; Martikainen et al., 1995; Whalen et al., 1996). The water table
will influence the locations of the anaerobic vs. aerobic zones where
methane production and methane consumption occurs, respectively.

Two opposing scenarios of global warming can be foreseen: (1) If
global warming results in a drier climate, soil surface layers will drain
and the methane flux to the atmosphere will decrease due to diminished
anaerobic soil layers in which methane production can take place. A fur-
ther consequence will be an expansion of the aerobic soil layer, where
increased methanotroph activity can take place (Martikainen et al., 1995).
In this scenario, therefore, tundra soils may even act as a net sink for
atmospheric methane if the ratio between the anaerobic and aerobic zones
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Fig. 3. A schematic diagram of methane (CHj4) flow in the terrestrial carbon cycle,
and methane oxidation in the atmosphere.

favours high methane oxidation activity by the methanotroph communi-
ties present in the aerobic surface soil layers..(2) If global warming re-
sults in a more humid climate, there may be a significant increase in
methane emission from Arctic environments. In this scenario, increased
soil temperatures enhance biological activity and accelerate the decompo-
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sition of organic matter, resulting in an expansion of the anaerobic soil
layers, where methane production takes place. Methane production de-
pends both on the growth conditions and the substrate availability of
methanogenes. In this case, therefore, global warming will have a direct
positive effect on methane production by influencing the growth and
activity of methanogenic bacteria, and an indirect positive effect by in-
creasing the substrate availability of these bacteria. Since methane is also
a significant greenhouse gas, methanogenesis provides a positive feed-
back on climatic warming, and methane released from Arctic tundra may
in this case be an accelerating factor.

The most important biological sink for methane is aerobic oxidation to
carbon dioxide by the methane oxidising bacteria (methanotrophs). This
group of organisms can be characterised as important biological “meth-
ane munchers” that dominate the drained soil layers above the water-
logged anaerobic zones and facilitate methane emission from deeper lay-
ers to the atmosphere (Conrad, 1996). The efficiency with which methane
is removed during this shift of the aerobic soil layer toward the atmos-
phere depends on a number of factors. Short-term climatic factors such as
precipitation and temperature will have a dramatic effect on the profusion
of aerobic vs. anaerobic zones. High temperatures and high precipitation
result in a widening of anaerobic zones at the expense of aerobic zones,
which in turn results in more methane being produced and less removed,
and thus more methane escapes to the atmosphere. Another short-term
climatic factor influencing the degradation or movement of methane is
atmospheric pressure change. This facilitates either the penetration of
oxygen into the system or the release of methane to the atmosphere.

One of the major challenges in developing methanotroph-related
measures into indicators of climate change is the need to differentiate
between short-term climatic variability and the long-term effects of
global warming. The need to reveal changes in the presence, structure and
activity of methanotrophs over years, decades or even centuries, due to
slight but permanent changes in climate, is heavily biased by short-term
seasonal variability that often has dramatic effects on microbial popula-
tions in the soil. Tools are needed to enable descriptions of the methano-
troph communities that on the one hand virtually eliminate the short-term
fluctuations and on the other hand are sensitive enough to reveal the long-
term changes.

Degradation of halogenated compounds

Another important aspect of methanotrophs is their capacity to degrade a
number of halogenated C-1 compounds (halomethanes) and C-2 com-
pounds (haloethenes and haloethanes). The class of halocarbons reported
to be degradable by methanotrophs includes various chlorinated, fluori-
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nated and brominated hydrocarbons (Table 1). These compounds have
been or are still used in numerous applications such as pesticides (fumi-
gants), solvents (e.g. in degreasing agents and dry cleaning agents), re-
frigerating aggregates and foaming agents. Such compounds have ozone-
depleting or global warming potentials and are toxic to animals and hu-
mans. Due to the widespread use and high chemical stability of many of
these compounds, some can be found in groundwater aquifers while oth-
ers accumulate in the stratosphere. The methane monooxygenases of the
methanotrophs responsible for oxidation of methane to methanol are also
able to oxidise a variety of halogenated C-1 and C-2 compounds. The
degradation of these compounds is co-metabolic, meaning that the
methanotrophs do not gain energy from the reactions. Consequently, rates
of conversion are very low when compared, for example, to the oxidation
of methane.

@0,
; . Vinyl chloride
Direct oxidation \ Trichlorethylene
? Dichlorethylene

/ Hydrochlorofluorocarbons (HCFCs)
’ Methanotroph cometabolism ‘ Others

N Aerobic soil \ ' /‘
| 17
Anaerobic soil \ /
H ’ Reductive dehalogenation ‘
— |
Vinyl chloride (VC)
Trichlorethylene (TCE)
Chlorofluorocarbons (CFCs)

Organic-C or H, Perchlorethylene (PCE)

Others

Fig. 4. Pathways of anaerobic and aerobic dehalogenation.

Biological dehalogenation (the removal of chlorine, bromine, or fluorine
atoms from the compounds) proceeds in both anaerobic and aerobic envi-
ronments (Fig. 4). However, fully halogenated compounds such as CFC
gases or perchloroethylene will only be degraded by anaerobic reductive
dehalogenation. In the aerobic soil layers, halocarbons with one or more
hydrogen atoms (e.g. HCFC gases, TCE (trichloroethylene) and other
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compounds in Table 1) can be degraded either by the co-metabolic proc-
ess of the methanotrophs or by direct oxidation in an energy-yielding
process performed by other aerobic bacteria (Lee et al., 1998). The deg-
radation of many halocarbons very likely involves the activity of different
micro-organisms that can live in close association to each other. In other
cases compounds that are partly dehalogenated in anaerobic environ-
ments diffuse to aerobic soil layers, where they finally become fully de-
halogenated and thus detoxified.

The presence and activity of methanotrophs as indicators of a potential
for degradation of some halocarbons in the aerobic environment is very
significant, but the exact functions of methanotrophs in the degradation
process are still uncertain. They may participate directly in co-metabolic
degradation of harmful compounds, or their metabolism of methane may
provide organic carbon that is used by other micro-organisms participat-
ing in the dehalogenation process. It is very likely that methanotrophs
perform both of these functions.



Table 1: Compounds reported to be transformed by- or in association with the activity of methanotrophs.

Compound

Compound name formula Organism/community Reference
Methylosinus trichosporium OB3b _IC_)rr:iasrnSItarl’d etal., 1996
numerous landfill and wetland soil metha- udy
Dichlorofluoromethane (HCFC-21) CHCIF notrphI isollatesI DeFlaun et al.. 1992
agricultural soi s
Ia%dfill soil Scheutz & Kjeldsen, 2003
numerous landfill and wetland soil metha- This study
notrph isolates.
Chlorodifluoromethane (HCFC-22) CHCIF, landfill soil. Scheutz & Kjeldsen, 2003
Methanotrophic mixed culture. Chang & Criddle, 1995
1,1-dichloro-1-fluoromethane (HCFC-141b) CH3CFCl»
1,1,2-trichloro-2-fluoroethane (HCFC-131) CoHoFCls Methylosinus trichosporium OB3b DeFlaun et al., 1992
1,1,2-trifluoroethane (HCFC-143) CaoHsF3
1-chloro-1,1-difluoroethane (HCFC-142b) CH3CF,CI
1,1-dichloro-2,2,2-trifluoroethane (HCFC-123) C,F3HCI, Methanotrophic mixed culture Chang & Criddle, 1995
1,2,2,2-tetrafluoro-ethane (HFC-134) CHF,CHF,
Methylosinus trichosporium OB3b,
Methylomicrobium album BG8 g?grﬁ;ﬁld’ ;tgaglg 1994
Dichloromethane (DCM) CHCl, Methylococcus capsulatus Chang & Alvarez-Cohen 1996
Methanotroph culture (CAC1). Methanotro- 9
phic mixed culture
Methylosinus trichosporium OB3b
Methylococcus capsulatus Oremland et al.. 1994
Chloroform CHCls; Methanotroph culture CAC1 Chang & Alvarez-Cohen, 1996
ixed chemostate culture Alvarez-Cohen & McCarty, 1991
mixed batch culture Y,
pure CAC1 methanotroph culture
Methyl Bromide CH3Br Methylococcus capsulatus Oremland et al., 1994
Dibromomethane CH2Br2 Methylomicrobium album BG8 Han et al., 1999




Methylosinus trichosporium OB3b
Methylosporovibrio methanica 812
Methylocystis parvus OBBP?
Methylococcus capsulatus Bath
Methylomicrobium album BG8

Lontoh & Semrau, 1998

van Hylckama Vlieg et al., 1996
Oldenhuis et al., 1991

Chang & Alvarez-Cohen, 1996
Chu and Alvarez-Cohen, 1998

Trichloroethylene (TCE) C2HCI3 Methylomonas sp. MN Chu and Alvarez-Choen, 2000
Methylomonas sp. A45 Alvarez-Cohen & McCarty, 1991
Methanotroph cultures (CACx). Methano- Brusseau et al., 1990
trophic mixed culture DiSpirito et al., 1992
Han et al., 1999
Methylosinus trichosporium OB3b
Methylomicrobium album BG8
Han et al., 1999
Vinyl chloride C2H3Cl Mgmfgﬁggﬁscﬁﬁﬁfg'gtp\“& Oremland et al., 1994
Mixed chemostate culture Chang & Alvarez-Cohen, 1996
mixed batch culture
Methylosinus trichosporium OB3b
. Methylomicrobium album BG8 Han et al., 1999
grgr;gfj?(lzﬁ{gggglr:ereen e C2H2CI2 Methylococcus capsulatus Oremland et al., 1994
cis-dichloroeth Ieyne Methanotroph culture CAC1 van Hylckama Vlieg et al., 1996
Y Mixed chemostate culture Chang & Alvarez-Cohen, 1996
mixed batch culture
Methylosinus trichosporium OB3b
Methylococcus capsulatus Oremland et al., 1994
1,2 Dichloroethane C,H4Cly Methanotroph culture CAC1

Mixed chemostate culture
mixed batch culture
pure CAC1 methanotroph culture;

Chang & Alvarez-Cohen, 1996

Chloromethane,
1,1,1-trichloroethane
Chloroethane

CH3ClI CoHsCls
C2HsCl

Methylosinus trichosporium OB3b
Methanotroph culture CAC1
Mixed chemostate culture

Chang & Alvarez-Cohen, 1996

Ethane 82n6 mixed batch culture
Ethene 2ri4 pure CAC1 methanotroph culture
Chloroacetonitrile CICH,CN M. trichosporium OB3b Castro et al., 1996







Development of novel
methanotroph cultivation and
monitoring assays

In this NCM project we have innovated two methods for isolation and
quantification of methanotrophs. These are direct, precise, fast methods
that enable a more reliable quantification of methanotrophs in environ-
mental samples and allow simple isolation of a variety of species or geno-
types from the sample communities.

The soil slurry membrane system (SSMS) and the mCFU-
FISH approach

The principles behind the method build on traditional microbial cultiva-
tion on a solid surface. However, by using a polycarbonate membrane
filter rather than an agar surface as growth support, and by using non-
sterile soil slurry as the growth medium with methane as the primary
carbon and energy source, a highly selective growth and colony forma-
tion of methanotrophs was achieved (Fig. 5). This Soil Slurry Membrane
System (SSMS) was the basis of different strategies for quantification of
methanotrophs from wetland and landfill environments. In a first ap-
proach, SSMS was used as a rapid assay to obtain microscopic colonies
of methanotrophs (mCFUs) on small membrane filters (25 mm) — see Fig.
5, left.

After identification, the methanotrophs were quantified by microscopy
using specific fluorescently labelled DNA probes in a fluorescent in situ
hybridisation (FISH) procedure (Fig. 6). This mCFU-FISH approach
enables estimation of the number of methanotrophs present in an envi-
ronmental sample within a few days. In our studies, we applied the type I
methanotroph specific probes (Bourne et al., 2001), but type II specific
DNA probes are also available (Eller & Frenzel 2001).

In a second approach, soil samples filtered onto larger membranes (90
mm diameter) were incubated until colonies became visible to the eye on
the membrane surface (Svenning et al., 2003) (Fig. 5, right). The incuba-
tion lasted up to 2 months and this approach allowed both quantification
and isolation of bacteria from different methanotroph colonies. Identifica-
tion and metabolism studies were subsequently carried out on these iso-
lates.
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Soil sample filtered onto 25 mm Soil sample filtered onto 90mm
Polycarbonate membrane (PCM) Polycarbonate membrane (PCM)

v < =
{

PCM placed on top of a 0,2 um

anopore membrane fixed in a tissue culture PCM placed on a soil slurry
insert with soil slurry in a petri disk
O2+CH, ‘ O2+CHa ‘

Incubate 4 days at 22 °C

u
—
H

Incubeate up to 2 months at 22 °C

Q

Fluorescence microscopy of Membrane with visible colonies
methanotroph mCFUs after FISH of methanotrophs

Fig. 5. Outline of the SSMS approach in the present study. Left: incubation and
preparation of samples for microscopy. Right: incubation and preparation for
quantification and isolation from visible methanotroph colonies.
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Fig. 6. Three day old microcolonies of type | methanotrophic bacteria hybridised
with specific fluorescent DNA probes (630x magnification).

Traditional quantification and isolation of methanotrophs from environ-
mental samples are biased by the growth of several other non-
methanotrophic bacteria on the growth substrates, and these approaches
have other serious drawbacks that typically underestimate the importance
of methanotrophs in the environment. The highly selective growth of
methanotrophs in our SSMS approach is apparently due to the non-sterile
soil slurry used as the medium. Microbes in this slurry (which is void of
methanotrophs) remove other organic carbon compounds produced by the
methanotrophs growing on the filter. The slurry thus acts as an organic
carbon sink that continuously prevents proliferation of other non-
methanotrophic bacteria on the membrane filter.

The unique ability of the SSMS approach to isolate many different
methanotrophic bacteria and study their physiological characteristics and
species affiliations will offer new insights into the presence and function
of methanotrophs in the environment. Most of the current knowledge
about the physiology of methane oxidation and co-oxidation of other
environmentally harmful compounds is based on a few comprehensively
studied strains. It remains unclear how representative those few strains
are for native methanotroph communities in different environments.

The development of methanotroph measures into environmental indi-
cators requires more knowledge about the structure of methanotroph
communities and about the physiological versatility of individuals that
dominate the environment. Application of the SSMS approach should
offer a better understanding of these features.

In our study, we obtained 22 different methanotroph isolates by the
SSMS approach. These have been characterised (Svenning et al., 2003)
and subsequently studied with respect to temperature optima and co-
metabolism of the two environmentally harmful hydrochlorofluorocar-
bons HCFC-21 and HCFC-22. Results from these experiments are pre-
sented in the following two sections.






Methanotroph communities in
Nordic high organic soils

The application of the new SSMS method to soil samples from a wetland
near Roskilde and from Skellingsted landfill, Denmark, resulted in suc-
cessful isolation of several methanotrophs. Skellingsted represents a
comprehensively studied landfill with regard to methane oxidation
(Kjeldsen & Fisher 1995, Christophersen et al. 2000, Scheutz & Kjeldsen
2003). Different methanotrophs were isolated from these sites and varia-
tion in the cell types is illustrated in Fig. 7.

Fig. 7. Diversity of methanotrophs isolated from wetland soil (A) and landfill soil
(B) illustrated by heterogeneity in cell morphology visualised by phase contrast
microscopy.

Genetic fingerprint analyses of the isolates documented genetic diversity
at a low taxonomic level, namely the strain level (Svenning et al., 2003).
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Further genetic analyses of the methanotrophs showed that the strains
from the landfill soil at Skellingsted belonged to the same type 11 genus:
Methylosinus. The strains from the wetland soil included type I and type
II methanotrophs and could be grouped into the two genera Methylobac-
ter and Methylosinus.

Direct community studies by DGGE

Molecular methods represent important tools for studying microbial
communities iz situ. These methods allow us to compare and follow mi-
crobial communities at different sites and over time, e.g. through seasons
and years. The analyses are based on genetic material extracted from soil
samples. From this total pool of genetic material we can select the groups
of interest for further analyses.

The method applied in this project is called DGGE: Denaturing Gradi-
ent Gel Electrophoresis. It is a rapid molecular method for profiling com-
plex microbial populations (Fig. 8). The band patterns shown in Fig. 8
indicate differences and similarities between samples, and illustrate the
complexity of the community. To identify more specifically which types
of methanotrophs are represented in the fingerprint patterns, the frag-
ments have to be removed from the gel and further analysed for sequence
composition.

S Intemal standard

1 ® Danish landfil, 0-5cm
2m 5-10cm

-

3 @ Danish wetland, 0-5cm

de 5-10cm
e 10-15cm -
1 b : - & &
¥y & * Svalbard, 2000, 0-2 cm d
_ ) - - 7 *x 2-4cm -~ - -
===_ - 8 * 4-6cm -
;Il— 9 # Svalbard, 1999, 0-5cm YY1
type | type |l

Fig. 8. DGGE community fingerprints of methanotrophic populations in soil from
Denmark at 55°N and from Svalbard at 78°N. Left: type | methanotrophic profiles.
Right: type Il methanotrophic profiles.

DGGE analysis of soil samples from different Nordic high organic soils
gave distinct community profiles from each sampling site (Fig. 8). Type I
and type II methanotrophs were detected in both soil types (landfill and
wetland). In general the wetland soils had more complex methanotroph
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structures than the landfill soils. The profiles from the Danish wetland
communities and those from northern high latitude wetlands have similar
complexity. Within the sites, the profiles revealed small differences with
respect to sampling depth. Samples from successive years gave similar
profiles, indicating a stable methanotrophic community in each of the
chosen sites, and thus allowed us to follow the composition of the metha-
notrophs over time.

Using the DGGE method, we were able to follow the stability and
structure of the methanotroph communities both within and between sea-
sons and for considerably longer periods. The method allowed us to de-
scribe methanotroph communities that were found to be stable between
repeated samplings over years. This indicates that the method disregards
temporal seasonal variation. The robustness of this direct molecular
analysis of the methanotroph communities suggests that the method can
possibly be developed into a useful indicator of long-term effects of
global warming on the methanotroph communities, provided that more
comprehensive studies prove the method to be sensitive to more perma-
nent changes in the community structures.

Temperature responses in methanotrophic bacteria from
different latitudes

Methanotrophic bacteria from a latitude gradient represented by soils
collected in Ny-Alesund (Svalbard, 78°N), Tromse (Northern Norway,
69°N) and Seeland (Denmark, 55°N) were studied for temperature re-
sponses in the range 0-40°C. The results showed that psycrophilic bacte-
ria with an optimal growth temperature below 20°C were not obtained
from any of the sites. Growth studies gave optimal growth rates in the
mesophilic range 20-30°C for all the studied isolates. Interestingly, the
optimal temperatures and the growth curves measured in a controlled
temperature gradient (Fig. 9) did not differ between localities. However,
two characteristic growth profiles were observed, differentiating between
the type I and type Il isolates. Type II methanotrophs had a typical meso-
philic growth curve, with little or no growth below 10°C, rising rapidly to
the optimal temperature. A much broader temperature curve was de-
scribed for the type I methanotrophs, with recorded growth nearly down
to freezing point.

Our studies did not show a correlation between latitude origin and
growth pattern of the methanotrophs within the temperature range 0-
40°C. The northern methanotrophs have a mesophilic growth pattern.

However, the temperature gradient studies showed a different growth
profile for type I methanotrophs than for type II: type I methanotrophs
have a more psychotropic growth, allowing them to oxidize methane at
lower temperatures than type II. The presence of type I methanotrophs in
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high organic soil in sub-Arctic and Arctic climates may therefore be sig-
nificant for the potential of methane removal in these soils. At present,
methane production at high latitudes is restricted by low temperature, but
this situation may change.

Fig. 9. Photograph of the temperature gradient equipment with two rows of holes
for 27ml serum bottles and a series of smaller holes along the centre for ther-
mometers. The left end attaches to a cooling water bath and the right end to a
thermostat-regulated heater to induce a temperature gradient along the cylinder.



Capacity of methanotrophs for
degradation of HCFC gasses

It has been suggested that methanotrophs play a significant role in deha-
logenation of different C-1 and C-2 compounds of anthropogenic origin.
Recently published work demonstrates that microbial dehalogenation of
HCEFC gases occurs in soil layers at Skellingsted landfill, a site that also
exhibits a high methane oxidation capacity (Kjeldsen & Fisher 1995,
Christophersen et al. 2000, Scheutz & Kjeldsen 2003). The hydrochloro-
fluorocarbons HCFC-21 and HCFC-22 (Fig.) are supposed to be released
either directly from insulation foams typically present in refrigerators, or
are products of anaerobic dehalogenation of CFC gases (also present in
refrigerators) that are even more harmful to the environment. The two
HCFC gases are grouped as class Il ozone-depleting substances and are
now being phased out. They are harmful to the environment primarily
because of their global warming potential rather than their ozone deple-
tion potential. Although the compounds are being phased out, they will
persist in the environment due to their stability and their slow release
from industrial products, e.g. insulation foams (Kjeldsen & Scheutz,
2003).

‘_

Fig. 10. The molecular structures of HCFC-21 (left) and HCFC-22 (right). The
molecules consist of carbon (black), hydrogen (white), fluorine (light green) and
chlorine (dark green).

This potential for environmental harm encouraged us to study the capac-
ity of a number of methanotrophs isolated from the landfill soil to de-
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grade HCFC-21 and HCFC-22 gases. Landfill and wetland methano-
trophs from the SSMS incubation, described in chapter 4, were selected
and studied. The wetland isolates near Roskilde fjord was chosen as a
reference, representing a non-polluted site. In addition to environmental
origin, the presence and expression of the sSMMO enzyme (considered
important for successful dehalogenation) and species affiliation were
considered (different species may have different degradation capacities).
Finally, two comprehensively studied strains of methanotrophs (Methy-
losinus trichosporium OB3b and Methylomicrobium album BG8) were
included as representatives of known strains with a capacity for co-
metabolism of different halogenated methanes (see Table 1). It was hy-
pothesised that the methanotroph community at this site somehow mirrors
the flux of methane in high concentrations and the flux of chlorofluoro-
methanes (HCFC gases) through the surface soil layers.

The HCFC degradation potential was studied in sealed 35ml flasks
containing 4ml bacterial culture adjusted to the same density (approxi-
mating the number of methanotrophs found in situ at the landfill site) and
100 pg/l HCFC-21 or HCFC-22 gas (concentrations equivalent to those
locally found in situ at the landfill site). The disappearance of HCFC
gases was measured after 22 hours by gas chromatography.

Copper is assumed to have a key function in the expression of the
sSMMO enzyme, which is also important in the degradation of HCFC
gases. The biodegradation assay involving cultures of our methanotrophs
was therefore performed with and without copper. This should reveal any
copper dependent efficacy in the enzymatic dehalogenation process. Fi-
nally, the assay was performed with a co-substrate (formate) to ensure
that the cultures were able to generate sufficient reducing power to main-
tain optimal activity of the MMO enzyme during co-metabolism (refer to
chapter 2 for more details of methanotroph metabolism).

The results showed variable capacities for removal of HCFC-21
among different isolates of the tested methanotrophs (Table 2), but no
significant capacity for degradation of HCFC-22 (data not presented). In
no case was more than 25% of the added HCFC-21 degraded during in-
cubation. Two of the strains did not show any significant degradation.
Further, we were not able to demonstrate a clear correlation between the
presence of and capacity to express the soluble MMO gene and success-
ful degradation of HCFC-21.

Table 2. Capacities of different methanotrophs to degrade HCFC-21. The metha-
notrophs were isolated from a landfill site, a wetland area and obtained from bac-
terial culture deposits. The percentage of HCFC-21 (100ug/l) removed during 20-
hour incubation of cultures grown with or without copper is indicated. Cultures
grown without copper should express the soluble methane monooxygenase
(sMMO), which is considered important for co-metabolic dehalogenation.



Isolate Closest relative Origin Type mmoX sMMO HCFC-21 (%)
species genotype phenotype
Plus Cu Minus Cu

BG8 Methylomicrobium album strain collection | no no 21,1 19,6
MSB3 Methylobacter wetland soil | no 2 20,2 16,1
MSB8 Methylobacter wetland soil | yes 2 251 16,3
MSB5 nd wetland soil | no yes 15,8 12,9
MSB7 nd wetland soil | no no 171 15,9
OB3b Methylosinus trichosporium strain collection Il yes yes o o
MSB6 Methylosinus trichosporium wetland soil Il yes yes 10,4 21,8
MSB13 Methylosinus trichosporium landfill soil Il yes 2 23,5 10,6
MSB18 Methylosinus trichosporium landfill soil Il yes yes 13,5 15,0
MSB12 Methylosinus trichosporium landfill soil Il no yes o o
MSB14 Methylosinus trichosporium landfill soil Il no A 15,3 13,3
MSB16 Methylosinus sp landfill soil Il yes yes 15,9 9,2
MSB1 Methylosinus sporium wetland soil Il yes yes 12,4 11,9
MSB15 Methylosinus sporium landfill soil Il yes yes 7,2 13,8
MSB22 Methylosinus sporium landfill soil 1 no 2 14,5 8,8

a)

sMMO phenotype could not determined.
" HCFC-gas concentrations were not significant different from controls.
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No systematic differences in degradation were seen between the Cu-
present and Cu-deficient assays, and no correlation was revealed between
presence or absence of sSMMO and the HCFC-21 degradation potential.
These observations raise new questions about the specific role of the
soluble versus the particulate methane monooxygenase enzyme in the co-
metabolism of halogenated hydrocarbons such as HCFC-21.

It was clear from our HCFC-21 degradation experiments that com-
plete degradation never occurred. Even when observed over time, one of
our most efficient strains (MSB13) never demonstrated more than 25 %
removal (Fig. 11), indicating inhibition of the organisms either by irre-
versible HCFC-21 binding to the MMO or by accumulation of produced
toxic intermediates that prevented further degradation.

Degradation of HCFC-21 by methanotroph
cultures
120
100 - >
E 80 |
S —m
Q
o
- 60
S
E kontrol
S 40 - —O— kontro
T —aA— OB3b culture
—B— MSB13 culture
20 -
0 T T T T T T
0 25 50 75 100 125 150 175
Hours

Fig. 11. Degradation of 100 pg/l HCFC-21 by Methylosinus trichosporium OB3b, a
comprehensively studied strain of methanotrophs in the literature, and the metha-
notroph MSB13 from Skellingsted landfill isolated in this project.

The restricted degradation of HCFC-21 by very dense populations of pure
methanotroph cultures contrasts with the frequent high concentrations of
HCFC-21 (and HCFC-22) observed in the aerobic landfill topsoils. One
hypothesis is that the high activity of methanotrophs in locations of meth-
ane production supports growth of other micro-organisms, some of which
are able to dehalogenate the halocarbons by direct oxidation (see Fig. 4).
Another explanation could be that the methanotrophs de facto participate
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in degradation of the HCFC-21, but do so in consort with other micro-
organisms that are able to remove toxic intermediates.

New SSMS incubations of Skellingsted landfill soils were performed,
this time with either methane (CH4) or HCFC-21 as the only substrates or
with methane (CH,) and HCFC-21 in combination. The purpose of the
incubations was to quantify, isolate and characterise the HCFC-21 de-
grading bacteria that dominate the landfill soil.

Fig. 12. Appearance of colonies on membranes after 1 month of SSMS incuba-
tion in atmospheres of methane (upper left), HCFC-21 (lower left) and HCFC-21 +
methane (upper and lower right).

No growth was observed in the dishes containing only HCFC-21, while
colonies were clearly visible in the dishes containing HCFC-21 + meth-
ane (Fig. 12). This indicates that the methanotrophs do play a key role in
the degradation of HCFC-21. Quite surprisingly, colony development
was more pronounced after the combined HCFC-21 + methane incuba-
tion than after incubation in a methane atmosphere only. The methano-
trophs living in consort with other (unknown) bacteria thus seem to pro-
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liferate more successfully when both methane and HCFC-21 is available
during incubation. Although the methanotrophs appear to be the key or-
ganisms in HCFC-21 removal in this landfill soil, further investigation is
required to establish the exact role of the methanotrophs in this context.



Methane oxidising bacteria as
environmental indicators — the
future perspective

Methanotrophs are the key organisms in biological oxidation of the
greenhouse gas methane. In addition, methanotrophs participate in aero-
bic dehalogenation of a number of different chlorinated, fluorinated or
brominated hydrocarbons of environmental concern. As potential envi-
ronmental indicators, parameters linked to the community structure or
activity of methanotrophs should at best be categorised as “state indica-
tors”. However, provided that good baseline measures are obtained in
future monitoring programmes, accumulated data will also be useful as
indicators of impact or pressure. At present, no monitoring programmes
include the structure or function of methanotrophs as routinely measured
parameters. Research into this group of micro-organisms has been a diffi-
cult task. The lack of tools for simple, reliable quantification of methano-
trophs and insufficient knowledge about the species composition of
methanotrophs under different environmental conditions has restricted the
use of these organisms in an indicator context.

In this study, we have designed, developed and validated a novel con-
cept for simple quantification of methanotrophs based on a highly selec-
tive cultivation assay. The SSMS approach revealed the presence of sub-
stantially more methanotrophs in the soil samples than other quantifica-
tion techniques have shown. Further, the SSMS technique gives
quantitative data on the numbers of methanotrophs and species composi-
tion as well as information about the presence of dominant physiological
traits. All these factors have the potential to be developed into indicators
of environmental disturbance.

We demonstrated that an environment characterised by high methane
production (the landfill) was dominated by type II methanotrophs, while a
natural wetland area had a mixture of type I and type II methanotrophs.
We also found that the type I and type II methanotrophs had slightly dif-
ferent temperature optima, although none of them were found to be
adapted to growth at temperatures near the freezing point.

In an indicator perspective, it is feasible to monitor the population dy-
namics of methanotrophs at the type I/II level. Changes in methane pro-
duction as a result of global warming should alter the structure toward
dominance of either type II or type I methanotrophs. Distinguishing be-
tween type I and type II methanotrophs only requires simple techniques
such as the fluorescent in situ hybridisation (FISH) method, in which
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probes specific to the two methanotroph categories are available. The
FISH method can be used as a true in situ method or be combined with
the SSMS cultivation assay described in chapter 4.

The molecular approach (DGGE), employed to describe the diversity
of methanotrophs within type I and type II, was found to be very robust
and nearly identical diversity profiles were demonstrated over years (see
chapter 5). From an indicator perspective this appears to be promising.
However, the sensitivity of the approach towards more permanent envi-
ronmental or climatic changes still needs to be demonstrated. Addition-
ally, a basic understanding of the relationship between molecular diver-
sity and environmental change needs to be developed.

Finally we investigated the ability of a variety of methanotrophs iso-
lated from Danish landfill and wetland locations to degrade two hydro-
chlorofluorocarbons (HCFC-21 and HCFC-22) of environmental concern.
However, we deduced no simple correlation between the HCFC degrada-
tion capacity and the type of methanotrophs exposed to the compound.
This is contradictory to other studies which show that the type Il metha-
notrophs expressing the soluble variant of methane monooxygenase
(sMMO) are primary responsible for the co-metabolic dehalogenation.
Even so, our data suggests that the presence of methanotrophs in the envi-
ronment also indicates a potential for biodegradation of different hydro-
genated halocarbons. More knowledge about the role of methanotrophs in
this biodegradation process is required before it becomes practicable to
use the presence of methanotrophs as either an indicator of environmental
pollutants or as an indicator of an environment with a high bioremedia-
tion capacity.



Methane oxidising bacteria as environmental indicators 43

References

Alvarez-Cohen, L. and McCarty, P.L.
(1991), “Product toxicity and come-
tabolic competitive inhibition model-
ing of chloroform and trichloroethyl-
ene transformation by methanotrophic
resting cells”, Appl. Environ. Micro-
biol., vol. 57, pp. 1031-1037.

Bourne, D.G.,. McDonald, I.R. and
Murrell, J.C. (2001), “Comparison of
pmoA PCR primer sets as tools for
investigating methanotroph diversity
in three Danish soils”, Appl. Environ.
Microbiol., vol 67, pp. 3802-3809.

Brusseau, G.A., Tsien, H.-C. Hanson,
R.S. and Wackett, L.P., (1990), “Op-
timization of trichloroethylene oxida-
tion by methanotrophs and the use of
a colometric assay to detect soluble
methane monooxygenase activity”,
Biodegradation vol. 1, pp. 19-29.

Castro, C.E., O’Shea, S.K., Wang, W.
and Bartnicki, E.W., (1996), “Bio-
dehalogenation: Oxidative and hydro-
lytic pathways in the transformations
of acetonitrile, chloroacetonitrile,
chloroacetic acid, and chloroacetamid
by Methylosinus trichosporium OB-
3b”, Environ. Sci. Tech., vol. 30, pp.
1180-1184.

Chang, H.-L. and Alvarez-Cohen, L.,
(1996), “Biodegradation of individual
and multiple chlorinated aliphatic hy-
drocarbons by methane-oxidizing cul-
tures”, Appl. Environ. Microbiol.,
vol. 62, pp. 3371-3377.

Chang, W. and Criddle, C.S., (1995),
“Biotransformation of HCFC-22,
HCFC-142b, HCFC-123, and HFC-
134a by methanotrophic mixed cul-
ture MM1”, Biodegradation, vol. 6,
pp- 1-9.

Christensen, N. and Meller, F., (2001),
“Nationale og internationale miljein-
dikator systemer. Metodeovervejel-
ser”, Technical report no 347, Na-
tional Environmental Research Insti-
tute, Roskilde, Denmark.

Chu, K.-H. and Alvarez-Cohen, L.,
(1998), “Effect of nitrogen source on
growth and trichloroethylene degrada-
tion by methane-oxidizing bacteria”,
Appl. Environ. Microbiol., vol. 64,
pp. 3451-3457.

Chu, K.-H. and Alvarez-Cohen, L.,
(2000), “Treatment of chlorinated
solvents by nitrogen-fixing and ni-
trate-supplied methane oxidizers in

columns packed with unsaturated po-
rous media”, Environ. Sci. Technol.,
vol. 34, pp. 1784-1793.

Christophersen, M., Linderad, L., Jen-
sen, P.E. and Kjeldsen, P., (2000),
”Methane oxidation at low tempera-
tures in soil exposed to landfill gas”,
J. Environ. Qual., vol. 29, pp. 1989-
1997.

Conrad, R., (1996) “Soil microorgan-
isms as controllers of atmospheric
trace gases ( H,, CO, CH,4, OCS, N,O,
and NO)”, Microbial Rev., vol. 60,
pp. 609-640.

DeFlaun, M.F., Ensley, B.D. and Stef-
fan, R.J., (1992), “Biological oxida-
tion of hydrochlorofluorocarbons
(HCFCs) by a methanotrophic bacte-
rium”, Biotechnology, vol. 10, pp.
1576-1578.

DiSpirito, A.A., Gulledge, J. Shiemke,
A K., Murrell, J.C., Lidstrom, M.E.
and Krema, C.L., (1992), “Trichloro-
ethylene oxidation by membrane-
associated methane monooxygenase
in type I, type I and type X methano-
trophs”, Biodegradation, vol. 2, pp.
151-164.

Eller, G. and Frenzel, P., (2001),
“Changes in activity and community
structure of methane-oxidizing bacte-
ria over the growth period of rice”,
Appl. Environ. Microbiol., vol. 67,
pp. 2395-2403.

Han, J.-1., Lontoh, S. and Semrau, J.D.,
(1999), “Degradation of chlorinated
and brominated hydrocarbons by Me-
thylomicrobium album BGS8”, Arch.
Microbiol., vol. 172, pp. 393-400.

Hanson, R.S. and Hanson, T.E., (1996),
“Methanotrophic bacteria”, Micro-
biol. Rev., vol. 60, pp. 439-471.

Hanson, R.S., Netrusov, A.I. and Tsuji,
K., (1991), “The obligate methano-
trophic bacteria Methylococcus, Me-
thylomonas, and Methylosinus”, The
Procaryotes, A. Balows, Truper,
H.G., Dworkin, M., Harder, W. and
Schliefer, K., New York, Springer-
Verlag, vol. 2, pp. 2350-2364.

Kapustka, L.A., (1999), “Microbial
endpoints: The rationale for their ex-
clusion as ecological assessment end-
points”, Human and Ecological Risk
assessment, vol. 5, pp. 691-696.

Kjeldsen, P. and Fischer, E.V., (1995),
”Landfill gas migration-field investi-



44 Methane oxidising bacteria as environmental indicators

gations at Skellingsted landfill, Den-
mark”, Waste Management & Re-
search, vol. 13, pp. 467-484.
Kjeldsen, P. and Scheutz, C., (2003),
“Short and long-term releases of
fluorocarbons from disposal of poly-
urethane foam waste”, Environ. Sci.
Technol., vol. 37, pp. 5071-5079.
Lee, M.D., Odom, J.M. and Buchanan,

R.J. Jr., (1998), “New perspectives on

microbial dehalogenation of chlorin-

ated solvents: Insights from the field”,

Annu. Rev. Microbiol., vol. 52, pp.
423-452.

Lontoh, S. and Semrau, J.D., (1998),
“Methane and trichloroethylene deg-
radation by Methylosinus trichospo-
rium OB3b expressing particulate
methane monooxygenase”, Appl. En-
viron. Microbiol., vol. 64, pp. 1106-
1114.

Martikainen, P.J., Nykénen, H. Crill, P.
and Silvola, J., (1993), “Effect of
lowered water table on nitrous oxide
fluxes from nothern peatlands”, Na-
ture, vol. 366, pp. 51-53.

Martikainen, P.J., Nykénen, H. Alm, J.
and Silvola, J., (1995), “Change in

fluxes of carbon dioxide, methane and
nitrous oxide due to forest drainage of
mire sites of different trophy”, Plant
and soil, vol. 168-169, pp. 571-577.

Maxwell, B., (1992), ”Arctic climate:
Potential for change under global
warming”, In: Arctic ecosystems in a
changing climate. F.S. Chapin III,
Jefferies, R.L., Reynolds, J.F.,
Shaver, G.R., Svoboda, J., and Chu,

E.W,, pp. 11-34. Academic Press Inc.,

San Diego.

Nielsen, M.N. and Winding, A., (2002),
“Microorganisms as indicators of soil
health”, Technical report No. 388.,
National Environmental Research
Institute, Roskilde, Denmark.

Oldenhuis, R., Oedzes, J.Y., van der
Waarde, J.J. and Janssen, D.B.,
(1991), “Kinetics of chlorinated hy-
drocarbon degradation by Methylosi-
nus trichosporium OB3b and toxicity
of trichloroethylene”, Appl. Environ.
Microbiol., vol. 57, pp. 7-14.

Oremland, R.S., Lonergan, D.J., Cul-
bertson, C.W. and Lovley, D.R.,
(1996), “Microbial degradation of
hydrochlorofluorocarbons (CHCI,F
and CHCI,CF;) in soils and sedi-

ments”, Appl. Environ. Microbiol.,
vol. 62, pp. 1818-1821.

Oremland, R.S., Miller, L.G., Culbert-

son, C.W., Connell, T.L. and Jahnke,
L., (1994), “Degradation of methyl
bromide by methanotrophic bacteria
in cell suspensions and soils”, Appl.
Environ. Microbiol., vol. 60, pp.
3640-3646.

Rosenzweig, A.C., Frederick, C.A.,

Lippard, S.J. and Nordlund, P.,
(1993), “Crystal structure of a bacte-
rial non-haem iron hydroxylase that
catalyses the biological oxidation of
methane”, Nature, vol. 366, pp. 537-
543.

Scheutz, C. and Kjeldsen, P., (2003),

“Capacity for biodegradation of CFCs
and HCFCs in a methane oxidative
counter-gradient laboratory system
simulating landfill soil covers”, Envi-
ron. Sci. Technol., vol. 37, pp. 5143-
5149.

Sheppard, S.C., (1999), “Soil microbial

bioassays: Quick and relevant but are

they useful?”’, Human and Ecological

Risk assessment, vol. 5, pp. 697-705.

Svenning, M.M., Wartiainen, I., Hest-

nes, A.G. and Binnerup, S.J., (2003),

“Isolation of methane oxidising bacte-

ria from soil by use of a soil substrate

membrane system”, FEMS Microbiol.

Ecol., vol. 44, pp. 347-354.

vanHylckama Vlieg, J.E.T., de Koning,
W., Janssen, D.B., (1996), “Trans-
formation kinetics of chlorinated
ethenes by Methylosinus trichospo-
rium OB3b and detection of unstable
epoxides by on-line gas chromatogra-
phy”, Appl. Environ. Microbiol., vol.
62, pp. 3304-3312.

Whalen, S.C., Reeburgh, W.S., and
Reimers, C.E., (1996), ”Control of
tundra methane emission by microbial
oxidation”, In: Ecological studies.,
J.F. Reynolds and Tenhunen, J.D., pp.
257-274., Springer-Verlag, Berlin.

Whittenbury, R., Phillips, K.C. and
Wilkinson, J.F., (1970), “Enrichment,
isolation and some properties of
metane-utilizing bacteria”, J. Gen.
Microbiol., vol. 61, pp. 205-218.

Zahn, J.A. and DiSpirito A.A., (1996),

“Membrane-associated methane

monooxygenase from Methylococcus

capsulatus (Bath)”, J. Bact., vol. 178,

pp. 1018-1029



	Contents
	Summary
	Sammendrag
	Introduction
	The concept of environmental microbial indicators
	The methane oxidising bacteria
	Role of methanotrophs in the environment
	Development of novel methanotroph cultivation and monitoring assays
	Methanotroph communities in Nordic high organic soils
	Capacity of methanotrophs for degradation of HCFC gasses
	Methane oxidising bacteria as environmental indic

