
to increase our understanding of the response of
marine microbial ecosystems to climate change.
Given the strong evidence, however, that we are
fundamentally changing Earth’s ‘heart and lungs’,
there is no longer any excuse for international
community not to pursue deep and rapid cuts in the
use of fossil fuels and other greenhouse gas emitting
sources. If we continue to ignore this evidence, we
will place our planet, and the future of ourselves
and our children, in extreme jeopardy.

O Hoegh-Guldberg is Director of the Global Change
Institute, University of Queensland, St Lucia,

Queensland, Australia
E-mail: oveh@uq.edu.au
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Ammonia oxidation: different niches for bacteria
and archaea?

Christa Schleper

The ISME Journal (2010) 4, 1092–1094; doi:10.1038/
ismej.2010.111; published online 15 July 2010

Ammonia oxidation, the first step of nitrification,
has been known to be performed by certain groups

of chemolithoautotrophic proteobacteria for more
than a hundred years. The recent discovery of
homologs of ammonia monooxygenase genes in
archaea and the cultivation of archaeal ammonia
oxidizers has radically changed this view, indicating
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that an additional, quite predominant group of
microorganisms is able to perform this process.

Based on the distribution of archaeal amoA and
16SrRNA genes, it seems that archaea with the potential
capacity to oxidize ammonia (AOA) are found in almost
every environment on Earth, including ocean waters,
estuaries, sediments and soils, hot springs, the guts of
animals, plant leaves, and even in the ultra-clean rooms
of NASA (Moissl et al., 2008). Astonishingly, esti-
mates based on gene counts (quantitative polymerase
chain reaction) indicate that AOA, which have been
overlooked for so many years, outnumber ammonia-
oxidizing bacteria (AOB) in most environments, often
even by orders of magnitude.

Many questions arise from these studies, as very little
is known about the physiology of ammonia-oxidizing
archaea. Do they really extensively contribute to
nitrification on this planet as their sheer numbers
might suggest? Are they all chemolithoautotrophs
like probably most of their bacterial counterparts,
growing exclusively on inorganic carbon and nitrogen?
Or is their metabolism perhaps more versatile, as they
are so abundant in many different environments?
Do bacterial and archaeal ammonia oxidizers compete
for the same resources, that is, are they functionally
redundant or do they rather occupy different niches?

As maxima of nitrite and nitrate production in
the oceanic water column have been shown to
correlate positively with amoA genes of archaea
and with archaeal cell counts (for example, Wuchter
et al., 2006), it is assumed that AOA indeed per-
form the bulk ammonia oxidation in the oceanic
plankton. In contrast, no such correlation was found
earlier between the dynamics of bacterial ammonia-
oxidizing populations and nitrification rates. In line
with these findings are physiological studies of the
only marine cultivated isolate of ammonia-oxidizing
archaea, Nitrosopumilus maritimus (Martens-Habbena
et al., 2009). The organism appears to be adapted to
very low amounts of its substrate ammonia. Both
its extremely low substrate threshold and its half-
saturation constant are unprecedented, but coherent
with the conditions in the oligotrophic open ocean.
In total, these studies strongly indicate that certain
lineages of ammonia-oxidizing archaea contribute
to a large extent to the nitrogen cycling in the ocean.

The situation is not so clear in terrestrial environ-
ments, as conflicting results have been reported
when nitrification rates in soils were directly
analyzed in the context of both AOB and AOA
populations. Jia and Conrad (2009) saw growth of
AOB in an agricultural soil in response to amend-
ment of inorganic fertilizer that correlated with
ammonia oxidation activity. AOA growth, however,
seemed to be independent of nitrification and, in
contrast to AOB, the archaea did not incorporate
13-C-labelled bicarbonate, indicating incorporation
of organic carbon rather than an autotrophic growth
mode. In contrast, in one out of two agricultural
soils analyzed by Schauss et al. (2009), growth of
amoA-containing archaea was demonstrated in

response to added organic fertilizer. On addition
of the antibiotic sulfadiazine that inhibited growth
of AOB, nitrification seemed to be taken over by
AOA. A different outcome again was seen in the
studies of soils in New Zealand also amended with
organic fertilizer. Di et al. (2009) found a positive
correlation between nitrification and growth of AOB
only. The population of archaea increased in control
soils with low nitrogen load and low nitrification
rates (Di et al., 2010). In a series of elegant
experiments, colleagues from Aberdeen demon-
strated the growth and nitrification activity of
AOA in soils, again under conditions of no external
nitrogen input (Tourna et al., 2008; Offre et al.,
2009). The activity of AOA varied in mesocosms of
different temperatures in parallel to changes in
nitrification activity. Furthermore, growth of this
transcriptionally active population was inhibited
upon addition of low amounts of acetylene, which
also inhibited nitrification. However, phylogenetic
analyses showed that the active archaeal population
in this particular soil was associated with the
‘marine’ group of AOA, often referred to as group
I.1a, whereas a second clearly distinct group (group
I.1b) is found in the majority of soils that have
been investigated in different countries and on
different continents. Thus, these particular experi-
ments do not allow extrapolation to the physiology
of the dominating lineage of AOA in soil. No study
appears to have been able yet to clearly link
ammonia-oxidizing activity in a natural environ-
ment to group I.1b archaea, although considerable
amounts and a large diversity of amoA genes of this
group have been identified in a diverse range of
soils (Leininger et al., 2006) and transcriptional
activity and growth suggests their metabolic activity.
It is just quite possible that group I.1b exhibits a
broader range of metabolism and adaptations and
that organisms of this group might effectively
compete with AOB or other bacteria in soils and
other environments. Only laboratory cultures of
AOA from soil as well as further careful molecular
environmental studies will help to elucidate the
physiological diversity and ecosystem functioning
of this enigmatic group of archaea.

Nevertheless, all three cultured representatives
of ammonia-oxidizing archaea are adapted to low
ammonia concentrations. In addition, the occurrence
and activity of AOA in hot springs, in pristine environ-
ments, in deeper soil layers and in soils of low pH
all suggest that many ammonia-oxidizing archaea are
adapted to extreme growth conditions and to substrate
concentrations that are considerably lower than those
consumable by known cultured AOB species, thus
indicating a niche separation between AOA and AOB.
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Creating and characterizing communities of human
gut microbes in gnotobiotic mice
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Microbiology laboratories are laden with flasks,
plates, and freezer stocks containing axenic cultures
and their products. In contrast, virtually every other
habitat on Earth is filled with microbial communities
of varying degrees of complexity. In this context,
microorganisms are interdependent components of
ecosystems; deciphering this dynamic requires a
move from microbial organisms studied in isolation
to model microbial communities studied under
conditions that mimic those encountered by their
members in their native habitats. Here, we focus on
model communities consisting of microbes that
inhabit the human body habitat containing our
largest collection of organisms—the gut.

The adult human gastrointestinal tract is a microbial
bioreactor, containing all three domains of life. This
ecosystem is teeming with microorganisms at its distal
end (1011–1012 cellsml�1 luminal contents in the colon)
and less so at its proximal end (an estimated 103–
104 cellsml�1 luminal contents in the duodenum). The
gut microbiota affects myriad aspects of our systems
physiology, ranging from processing and harvesting of
macronutrients and micronutrients (and xenobiotics!)
from our diets, to shaping the features of our innate and
adaptive immune system. Recently, deep sampling of

the fecal microbial community has revealed that each
of us harbor a collection of a several hundred bacterial
phylotypes (Qin et al., 2010; Turnbaugh et al., 2010).
The exact set of microbes differs from person to person
although there is a greater degree of similarity between
family members (Turnbaugh et al., 2009a, 2010). A
catalog of several million genes present in the fecal
microbiome has been assembled from analysis of a 577-
Gbp data set obtained from shotgun sequencing of fecal
community DNA prepared from 124 Europeans (Qin
et al., 2010) and a 10.1-Gbp data set generated from a
set of deeply sampled obese monozygotic co-twins
living in the United States (Turnbaugh et al., 2010).
These data sets provide a starting point for making in
silico predictions about functions that can be attributed
to the gut microbiota. Measurements of expressed
mRNAs (Turnbaugh et al., 2010), proteins (Verberkmoes
et al., 2009), and metabolites (Hoverstad et al., 1984; Li
et al., 2008; Martin et al., 2008) in gut samples represent
a first step toward testing these predictions.

Generating germ-free mice via embryo
transfer

Germ-free (GF) mice provide a complementary
approach for characterizing the properties of the
human gut microbiome. Methods for establishing and
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