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Abstract

Competition for molecular oxygen (O,) among respiratory microorganisms is intense because O,
is a potent electron acceptor. This competition leads to the formation of microoxic environments
wherever microorganisms congregate in aquatic, terrestrial and host-associated communities.
Bacteria can harvest O, present at low, even nanomolar, concentrations using high-affinity
terminal oxidases. Here, we report the results of surveys searching for high-affinity terminal
oxidase genes in sequenced bacterial genomes and shotgun metagenomes. The results indicate that
bacteria with the potential to respire under microoxic conditions are phylogenetically diverse and
intriguingly widespread in nature. We explore the implications of these findings by highlighting
the importance of microaerobic metabolism in host-associated bacteria related to health and
disease.

Microbiologists have long recognized the existence of microaerophiles — that is, bacteria
that grow optimally at low levels of molecular oxygen (O,). However, many bacteria that
grow optimally at saturating concentrations of O, also have the potential to respire under
microoxic conditions?. For instance, Canfield and colleagues recently demonstrated that
Escherichia coli can respire aerobically at nanomolar O, concentrations, which is more than
two orders of magnitude lower than previously observed for aerobes?. Recent studies also
suggest that microaerobic lifestyles are important in host-associated microbial
communities®4, but the conceptual framework and terminology for describing life in
microoxic environments has not yet been fully developed.

Even some of the traditional definitions of bacterial responses to O, need to be refined in the
light of recently obtained genetic and physiological information®. Historically, bacteria have
been assigned to one of five categories on the basis of their requirements for O, and their
ability to metabolize it in different environments® (TABLE 1). Obligate aerobes require
atmospheric O, concentrations (~20%) for optimal growth. Microaerophiles grow optimally
at concentrations well below normal atmospheric concentrations. Facultative anaerobes can
respire aerobically, use alternative terminal electron acceptors for anaerobic respiration or
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grow via fermentation. Aerotolerant anaerobes can tolerate the presence of some O,, but do
not gain energy from aerobic respiration and grow optimally without O,. Finally, obligate
anaerobes cannot tolerate O, and grow only under anoxic conditions. A sixth category,
nanaerobes, was proposed in 2004 to describe bacteria that can respire O, at nanomolar
concentrations, but grow best under anoxic conditions’. Although this addition to the
traditional definitions is helpful, none of these categories encompasses all the
microorganisms capable of respiring O, in microoxic environments. Microaerophile is too
constraining a term, as it describes only those organisms that grow best under microoxic
conditions and ignores facultative anaerobes and nanaerobes, which can also utilize low
concentrations of O,. Consequently, we propose the term microaerobe to define any
organism that uses a high-affinity terminal oxidase to respire O, in a microoxic
environment. Microaerobes might grow optimally under anoxic or atmospheric levels of O,
but are distinguished from other bacteria by their capacity to obtain energy from aerobic
respiration as O, concentrations approach zero.

In this Analysis article, we document the occurrence of annotated, high-affinity oxidases in
the genomes of 1,001 bacterial species, expanding on a previous analysis of terminal oxidase
genes in bacterial and archaeal genomes?. We also assess the environmental distribution of
high-affinity cytochrome oxidases by analysing metagenomic data sets, and discuss the
significance of microaerobes in host-associated microbiomes. Finally, we discuss the role of
microaerobic respiration in bacterial pathogenesis, including host invasion and virulence.

The prevalence of microoxic environments

Bacteria are traditionally cultured and studied under strictly anoxic or ambient (ca. 21%) O,
conditions, both of which have revealed remarkable biochemical and physiological diversity
among bacteria. However, it is important to note that although bacteria are often described
as growing at atmospheric O, concentrations, the O, levels actually experienced by
microorganisms are not equal to those measured in the atmosphere (BOX 1). Moreover, the
natural habitats of bacteria include transition zones between oxic and anoxic environments.
Such transition zones are common in microbial communities whenever consumption
outstrips diffusion. The resulting O, gradient includes a microoxic zone of reduced O,
concentration between the oxic and anoxic environments.

Microoxic zones have been documented in a wide variety of environments. Soil aggregates8
and marine snow?11 develop O, gradients across their radii as microorganisms on and near
the surface consume O, before it can diffuse all the way into the interior of the community.
Similarly, biofilms and sediments have microoxic zones. In these environments, O, levels
decrease away from the aqueous interface because diffusion limits the progression of O, into
the film or sediment, and because microorganisms near the surface respire12-14, In the
oceans, mixing of the upper water column delivers O, produced in the photic zone to deeper
waters, where biotic consumption results in the formation of a microoxic region called the
oxygen minimum zone. O, concentrations then increase again with depth owing to the
circulation of more-oxygenated water from the depths, forming a sandwich-like O,
gradient1®,

Microoxic environments are also present in plants and animals. In plants, an O, gradient has
been measured within No-fixing alfalfa root nodules. The O, concentration decreases from
~250 UM at the nodule apex to <1 uM in the regions where bacterial nitrogen fixation takes
placel8. In soybean nodules, O, concentrations are in the nanomolar rangel’. In the
gastrointestinal tracts of animals, O, gradients develop as O, diffuses from the tissues
towards the lumen. This phenomenon has been measured with microelectrodes in termites
and terrestrial snails!8-1°. More recently, an oxygenated zone in the rabbit ileum was

Nat Rev Microbiol. Author manuscript; available in PMC 2014 March 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Morris and Schmidt

Page 3

visualized using bacteria expressing GFP3. As GFP requires O, to fold properly, it can be
visualized only in the presence of O,. This characteristic was exploited to generate an image
that clearly demonstrates the presence of O, across a 70 um region reaching from the
epithelium into the lumen. Although this method is not sensitive to gradients of O, the
obvious oxic and anoxic layers in the image provide solid evidence of a microoxic zone
within the mammalian gut. This finding is particularly noteworthy because the microbial
community within the microoxic zone is proximal to the host and therefore physically
poised to interact with the host20. Examples of how microoxic environments can affect host—
microorganism interactions are discussed below.

Taken together, the above examples illustrate the considerable diversity of environments in
which microaerobes can reside. In spite of the fact that microoxic zones are so widespread,
the potential for microoxic conditions to influence bacterial physiology and ecology is
underappreciated. Recent studies using microoxic conditions to culture organisms have
revealed a great diversity in the free-living diazotrophs found in the soil? and also
recovered organisms that did not grow under anoxic conditions from human-associated
samples?2. Clearly, a better understanding of the selective pressures that low O,
concentrations exert on bacteria is required if we are to develop a comprehensive
understanding of microbial communities in nature.

High-affinity terminal oxidases

The potential interactions between microorganisms and the O, in their environment provide
a useful basis for the physiological and ecological characterization of bacteria. Obviously,
whether or not an organism can use O, as a terminal electron acceptor is important, but the
answer to this question alone fails to capture vital information about the ability of
microorganisms to access O, in microoxic environments. Terminal oxidases in bacteria have
a range of affinities for O,, and as discussed below, only some of these enzymes provide the
capacity to grow in low-O, environments. In addition to characterizing the affinity for O, as
a terminal electron acceptor, it is valuable to consider the ability of a microorganism to
mount a defence against the toxic effects of reactive oxygen species (ROS). This
characteristic has been used to identify obligate anaerobes, but in fact many bacteria that are
traditionally defined as such can escape the toxic effects of O, exposure, at least for short
periods of time23. Together, the capacity for aerobic and anaerobic growth, the
characteristics of the terminal oxidases and the response to ROS provide a framework for
classifying organisms with respect to O, metabolism (TABLE 1).

Terminal oxidase families

Terminal oxidases are the final links in the membrane-associated electron transport chains of
respiratory bacteria. Like many redoxactive enzymes, they have metal reaction centres that
are reduced and then oxidized as electrons are shuttled to a terminal electron acceptor. This
study focuses on the subset of terminal oxidases that transfer electrons to O,.

As is common in the scientific literature, we use the term cytochrome to describe the
multihaem protein complexes found in bacterial electron transport chains. Specific
cytochromes are named according to the combination of protein-bound haem subunits that
constitute the cytochrome (a, b, ¢, d or 0). Terminal cytochrome oxidases that transfer
electrons to O, are grouped into two major families: the haem—copper oxidases (HCOs) and
the cytochrome bd-type oxidases (TABLE 2). The redox centres of both families include
haem, but the catalytic subunits of HCOs contain copper ions as part of a bimetallic
centre?4. As per convention, the HCO catalytic subunit that transfers electrons to O, is
denoted with a subscript 3 (REF. 25). Functionally, the HCOs are distinguished from the
cytochrome bd-oxidases by the capacity of HCOs to translocate protons across the
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cytoplasmic membrane26:27. Both families contribute to membrane potential through the
consumption of protons during the reduction of O, to water in the cytoplasm?8,

Although terminal oxidases are named for the haem groups they contain (for example,
cytochrome bd oxidase), they receive electrons from either quinols or other cytochromes.
The HCOs receive electrons from both quinols and other cytochromes, depending on the
particular enzyme. The cytochrome bd-type oxidases are quinol oxidases, receiving
electrons from either ubiquinones or menaquinones, both of which contain a quinone that is
reduced to a quinol during electron transport.

On the basis of biochemical differences in their catalytic subunits, HCOs are further divided
into three classes: A, B and C2°. A-class HCOs, which include the mitochondrial terminal
oxidase, have a low affinity for O, (REFS 29,30). Therefore, for optimal growth, organisms
that have only A-class oxidases are predicted to require dissolved O, concentrations that are
typically found under normal atmospheric concentrations of O».

C-class HCOs have been detected only in bacterial. The oxidases from this class that have
been investigated experimentally have high affinities for O, and organisms expressing these
enzymes are therefore considered to be capable of growth in microoxic environments30. The
most common example of a C-class HCO is cytochrome cbbs oxidase, which is found in
many proteobacteria?’-31,

B-class HCOs are found in both bacterial and archaeal lineages®. The B-class oxidases
include Thermus thermophilus cytochrome bag oxidase, which is expressed under microoxic
conditions32. On the basis of this expression pattern and structural similarity to the C-class
HCOs, B-class oxidases are thought to be high-affinity oxidases used for microaerobic
metabolism?30.

Cytochrome bd-type oxidases have also been found in both bacterial and archaeal genomes?.
Like B- and C-class HCOs, cytochrome bd-type oxidases generally have a strong affinity for
O,. For example, the high-affinity oxidase found in E. coli is a cytochrome bd-type oxidase
with a Michaelis constant (K,) of 3-8 nM (REFS 33,34). The nanaerobe Bacteroides
fragilisalso uses a cytochrome bd-type oxidase for microaerobic metabolism’. However, the
oxidase previously classified as cytochrome bd-type in Campylobacter jejuni is actually a
low-affinity oxidase, and it has been suggested that this oxidase instead be referred to as a
cyanide-insensitive oxidase and the genes be annotated cio, as in Pseudomonas spp.32:36.
Comparison between the genes encoding the E. coli high-affinity cytochrome bd-type
oxidase catalytic subunit (CydA) and the Pseudomonas aeruginosa low-affinity oxidase
catalytic subunit (CioA) indicates that the two catalytic subunits can be distinguished by the
length of the sequence for the conserved periplasmic Q-loop36:37,

Distribution of high-affinity oxidases

Although direct measurements of the oxygen affinity of intact cells or purified terminal
oxidases are limited to a few microorganisms, as described above, the conservation of gene
sequences in each family of high-affinity oxidase genes offers the prospect of identifying
homologues in bacterial genomes and shotgun metagenomes. Although homologous genes
do not necessarily encode proteins with similar activity profiles, the presence of homologues
of high-affinity terminal oxidases in a genome indicates a potential for the encoded enzyme
to be active at low O, concentrations. The phylogenetic and environmental distribution of
these homologues, as reported below, highlights the potential importance of microaerobes
and helps identify specific organisms and environments for experimental investigation of
microaerobic metabolism.
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Microaerobic potential in sequenced genomes

Building on the results of a previous study that investigated the evolutionary histories of
terminal oxidase genes in 673 sequenced bacterial and archaeal genomes?, we explored the
microaerobic potential of 1,001 bacterial species. The genomes were queried, using
tBLASTX, with four sets of reference genes, each set representing the catalytic subunit of a
terminal oxidase class3®. We excluded archaeal genomes because there is little experimental
data available regarding the oxygen affinity of archaeal versions of cytochrome bd-type
oxidases and B-class HCOs. Species were classified as being aerobes, microaerobes or
anaerobes on the basis of the terminal oxidase genes detected: organisms encoding
homologues of high-affinity oxidases, either alone or along with low-affinity oxidase
matches, were categorized as microaerobes, those with only A-class oxidases as aerobes and
those with no annotated oxidases as anaerobes. When multiple genomes were available for a
single species, the presence of terminal oxidase genes in any of the genomes contributing to
the pangenome was ascribed to the species. According to our definitions and analysis, 4.8%
of species analysed were aerobes, 26.7% were anaerobes, and the remaining 68.5% were
microaerobes (FIG. 1). These percentages are similar to those calculated from the previous
study, even though the number of bacterial genomes included in our analysis was nearly
double that of the previous study. Therefore, on the basis of our analysis of available
genomes, bacterial species with the capacity for microaerobic growth are more common
than obligately aerobic or anaerobic species.

Although this analysis was constrained by the bacterial genomes that have been sequenced,
the predicted genes for high-affinity terminal oxidases were widely distributed across
bacterial phyla (Supplementary information S1 (table)). So, although there is debate
regarding the specific evolutionary origins of the different terminal oxidase families!:29:39,
microaerobic metabolism does not appear to be limited to any single phylogenetic lineage
within bacteria.

Distribution of high-affinity oxidases in nature

Wherever O, gradients exist, the zone between the oxic and anoxic layers provides an
environment that selects for organisms adapted to low O, tension!3. Although high-affinity
oxidase genes are found in a majority of sequenced genomes from cultivated bacteria,
cultivation captures only a fraction of the true bacterial diversity*%. As a result, the
abundance of bacteria with the capacity for microaerobic growth in most environments is
unknown. To assess the distribution of bacterial microaerobes in complex microbial
communities, we searched a collection of shotgun metagenomes for homologues of genes
encoding the catalytic subunits of high-affinity terminal oxidases from both families.

We analysed a subset of the shotgun metagenomes that are publicly available through MG-
RAST#L. The metagenomes were chosen to encompass a range of terrestrial, aquatic and
host-associated environments. We also included a set of shotgun metagenomes from the
Kellogg Biological Station Long-Term Ecological Research (KBS LTER) field sites. These
metagenomes are uncommon in that they are derived from experimentally replicated field
sites and so can be used for testing hypotheses.

All the selected metagenomes were first assessed for the presence of genes encoding the
catalytic subunits of bacterial terminal oxidases (TABLE 2). Genes from at least one class of
high-affinity oxidases were detected in most metagenomes, clearly demonstrating that
bacteria with the potential for microaerobic metabolism are widespread in nature. Then, to
estimate the abundance of genomes with the potential for microaerobic respiration, we
compared the abundance of high-affinity terminal oxidase genes with that of low-affinity
terminal oxidase genes for each metagenome. Genes encoding terminal oxidases predicted
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to have either high or low affinity for O, as well as a set of four housekeeping genes, were
counted and normalized to gene length. The arithmetic mean of the housekeeping gene
counts was then used as an estimate of the average number of genomes per metagenome. In
order to determine that this estimate was as robust as possible, the coefficient of variation
(CV) for the count of each set of housekeeping genes was calculated, and metagenomes with
CV < 15% are shown in FIG. 2 (see Supplementary information S2,S3 (box; table) for
complete details). Many bacteria express either high- or low-affinity oxidases as
environmental conditions warrant, and some even encode multiple oxidases from the same
classy, so this normalization was performed to facilitate comparison among the
metagenomes. When this method was used to estimate the proportion of bacteria from
various environments with high- or low-affinity terminal oxidase genes, distinct patterns
emerged in the ratios of the two groups (FIG. 2).

The only metagenomes in which high-affinity oxidase genes were not detected were from
the open ocean. Genomic analysis suggests that certain abundant unattached marine bacteria
are under selective pressure to streamline their genomes?*2. Therefore, the absence of high-
affinity oxidase genes was expected (FIG. 2). Filtration of the samples before sequencing
might also have contributed to this result by removing marine snow particles in which
microoxic zones are likely to be found®1115_n terrestrial soils, the ratios of low- to high-
affinity oxidases were much lower, ranging between 2:1 and 1:1. Soil aggregates are prime
locations for the formation of O, gradients, creating habitats for microaerobes. Host-
associated metagenomes were dominated by high-affinity oxidases, especially the gut-
associated metagenomes, where few low-affinity oxidases were detected. Aerobic
respiration is not advantageous in the largely anoxic lumen, but in the microoxic zone along
the mucosa, microaerobic respiration might give microorganisms a competitive fitness
advantage.

When sorted by class, the normalized high-affinity oxidase gene counts revealed another set
of interesting patterns, this time in the abundance of the different classes of terminal
oxidases present in certain environments (FIG. 2). For example, in gut-associated
metagenomes, the only high-affinity oxidase genes detected were those predicted to encode
cytochrome bd-type oxidases. It has been suggested that cytochrome bd-type oxidases are
selected in bacterial pathogens because, unlike HCOs, they are relatively insensitive to nitric
oxide, an important component of the immune response by macrophages®3. Nitric oxide is
also present in small amounts in the healthy large intestine, which may provide the selective
pressure for microaerobes in the gastrointestinal tract to encode cytochrome bd-type
oxidases instead of HCOs*4.

Soil metagenomes, however, contained genes for all three classes of high-affinity oxidase,
and the replicate metagenomes from the KBS LTER field sites revealed differences in the
abundances of these three classes across a land use gradient that comprises four different
treatments: agricultural plots were used for traditional row crop agriculture, early
successional plots had been released from agricultural use 20 years before being sampled,
successional forest plots were released from agriculture 40-60 years before being sampled,
and deciduous forest plots were never disrupted for agriculture (FIG. 3). The proportion of
cytochrome cbbs oxidase- and cytochrome bag oxidase-type genes was similar in
metagenomes from all four treatments, but the proportion of cytochrome bd-type oxidase
genes varied significantly (P < 0.001 using analysis of variance), with highest values in the
forested (successional and deciduous) plots. This pattern might reflect a major difference
between the two types of enzyme: cytochrome cbbs-type and cytochrome bas-type oxidases
pump protons, whereas cytochrome bd-type oxidases do not2845, In carbon-poor soils such
as the agricultural plots, proton-pumping oxidases might be selected because they generate
more ATP per electron. In environments where carbon is more plentiful, as in the forested
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plots or the gastrointestinal tract of animals, cytochrome bd-type high-affinity oxidases
would provide a fitness advantage if the flux of electrons to O, is more rapid.

The patterns in the relative abundance of high-affinity oxidase genes revealed by our
analysis of metagenomes provide intriguing evidence supporting the importance of
microaerobic lifestyles in a wide variety of environments. Further evidence of the impact of
microaerobes can be seen in their physiological roles in host-associated microbiomes.
Below, we review some salient studies that demonstrate the role of microaerobic metabolism
in both healthy microbiomes and pathogenesis.

Host-associated microaerobes

Microaerobes live in a variety of host-associated environments. For example, Stenoxybacter
acetivorans is abundant in termite hindguts. This bacterium utilizes a cytochrome chbs-type
oxidase for respiration in the microoxic region along the hindgut wall*6. By consuming O,
that diffuses into the gut from the host tissue, populations of S. acetivorans and other
microaerobes create an anoxic environment in the lumen of the termite hindgut.
Maintenance of this anoxic environment is essential for the community of microorganisms
that resides there and ferments complex plant matter to acetate, the primary resource for the
termite host.

Low-O, environments are also necessary for the mutualistic relationships between plants
and their nitrogen-fixing symbionts. Symbiotic nitrogen fixation is both energetically costly
and oxygen sensitive. Leghaemoglobin produced by the plant host keeps O, concentrations
in the root nodule within the nanomolar rangel’, protecting the key enzyme in nitrogen
fixation, nitrogenase, from inhibition by O,. To generate sufficient ATP to support nitrogen
fixation and other anabolic reactions in this microoxic environment, Bradyrhizobium
japonicum uses a high-affinity oxidase for microaerobic respiration during symbiosis*’.

Healthy microbiomes—Evidence is accumulating to suggest that high-affinity oxidase
genes are also important in the microbiota present in the mammalian gastrointestinal tract.
Although the mammalian large intestine is often described as an anoxic environment, it does
contain O, near its periphery348, O, diffuses from the epithelium, providing a constant, but
low flux that establishes an O, gradient across the gut mucosa as O is consumed. The
availability of a low concentration of O, is likely to provide a selective growth advantage to
bacteria that can utilize it20. Expression of high-affinity terminal oxidases would provide
access to a high-potential electron acceptor for respiration and provide some protection
against ROS through O, scavenging?3:49,

Colonization experiments with knock-out mutations of high-affinity cytochrome oxidases in
E. coli (a cytochrome bd oxidase)°%>1 and C. jejuni (a cytochrome cbbs oxidase)°? indicate
that these organisms must access O, at low concentrations in order to colonize the mouse
and chicken intestine, respectively. Knocking out the low-affinity oxidases did not affect
colonization by either organism. Commensal organisms that occupy the microoxic
environment of the mucosa would be uniquely positioned to communicate with the host.
Therefore, the relationship between colonization and high-affinity oxidases could provide
important insights into the establishment and stability of microbial communities adjacent to
host cells.

Pathogens and microaerobic metabolism

High-affinity oxidases also have a role in disease and in disruption of the normal microbiota.
For example, the enteric pathogen Shigella flexneri responds to low O, concentrations in the
gastrointestinal tract by upregulating virulence genes?, presumably because low O, levels
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indicate to the pathogen that it is in close proximity to host epithelial cells. The cytochrome
bd-type high-affinity oxidase of S flexneri is important for virulence, allowing the
bacterium to respire in the host cell cytoplasm and the microoxic zone of the mucosa®3. In
fact, many human intestinal pathogens have high-affinity oxidases®. In the case of pathogens
such as S flexneri and Salmonella enterica, microaerobic metabolism can facilitate host
invasion and competition with the normal microbiota.

High-affinity cytochrome oxidases also seem to be important to the lifestyle of pathogens
that cause infections outside the gastrointestinal tract. It has been suggested that
microaerobic respiration facilitates P. aeruginosa infections in patients with cystic fibrosis,
helping the organism to survive the microoxic conditions in the thick mucus of the cystic
fibrosis lung®*. Mycobacterium tuberculosis has the genes for a cytochrome bd-type
terminal oxidase, and the expression of this oxidase has been linked to the ability of the
organism to reside in the host>®. Recently, 17 pathogenicity-related genes were identified by
tracking mutations in Burkholderia dolosa during an outbreak in patients with cystic
fibrosis. Three of the candidate genes (fnr, fixL, and fixJ) are homologues of genes that
regulate the expression of high-affinity cytochrome oxidases (both cytochrome cbbs
oxidases and cytochrome bd-type oxidases)*.

Taken together, the above studies provide intriguing evidence that microaerobic metabolism
contributes to the development and maintenance of host microbiomes. Understanding the
role of high-affinity oxidases in shaping the structure and function of microbial communities
will advance our ability to build predictive models of the interactions between the host and
the microbiota. Such an understanding will provide information that is important not only in
the gastrointestinal tract, but at all mucosal surfaces where O, gradients exist. Accurate
models of the interactions between the host and the microbiota could be used to guide the
manipulation of microbial communities, with the goal of establishing or restoring healthy
microbiomes.

Conclusions and future directions

Our analyses of sequenced genomes and metagenomes suggest that microaerobes are
phylogenetically diverse and found in most environments. However, although we know that
O, is an important ecological force, little is understood about the ‘shallow breathing’
lifestyle of the bacteria that live in these microoxic environments. To fill this gap in our
knowledge, culturing techniques and physiological studies of host-associated and free-living
bacteria must be expanded to include microoxic conditions. By studying microaerobes under
the conditions that they experience in nature, we reduce the risk of missing metabolic
strategies that are crucial components of fitness in natural environments.

Biochemical and genetic characterizations of high-affinity oxidase classes have provided
much useful information, but the ecological implications of the ability of microaerobes to
grow and even thrive at low O, concentrations has not been examined in depth. The
advanced O,-sensing technology now available should be used in environmental studies to
help define low-O, environments and provide accurate and sensitive measures of Oy
gradients (BOX 2). Considering the abundance and environmental distribution of putative
microaerobes, we need to learn how life works in microoxic zones, as this knowledge may
well provide key insights into how microbial communities form and function both outside
and within us.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Box 1
The solubility of O, in water

Microorganisms live in a world driven by the diffusion of molecules in aqueous
environments, whether those microorganisms are associated with host tissues, attached to
inanimate objects in hydrated biofilms, or free-living in aquatic environments. As a
result, these organisms do not experience the concentrations of O, that are measured in
the atmosphere, but rather experience the amount of O, that diffuses into their immediate
environment. To translate atmospheric O, measurements into concentrations of O, that
are relevant for microorganisms, Henry’s law (p = kyc) can be used. This formula
facilitates the calculation of the concentration of a gas in the liquid phase (c) given the
partial pressure of the gas in the gas phase (p). The constant ky is known as Henry’s law
constant and depends on characteristics of the solute, the solvent and temperature. The
table below illustrates the effect of temperature and salinity on the concentration of O in
fresh water and water with 5% salinity®6. As with any gas, the saturating concentration of
dissolved O, decreases with temperature and salinity, and is thus another factor that can
influence the requirement for high-affinity terminal oxidases.

O, concentration in fresh O, concentration in water

water with 5% salinity
Temperature
(°C) ml per | mg per | uM ml per | mg per | uM
15 7.0 10.1 316 5.2 7.4 231
25 5.8 8.3 259 4.4 6.3 197
85 49 7.0 219 3.7 5.3 166
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Box 2

Advances in oxygen-sensing technology

Our understanding of the microoxic world continues to expand as technological
developments improve our ability to measure O». Previously, Clark-type electrochemical
electrodes, the gold standard of O, measurement, could at best measure O,
concentrations of around 1-2 pmol per litre, but improved microelectrodes that can
measure nanomolar concentrations have been developed in the past few years®’. The
impact of these improved sensors was recently demonstrated during a study in which the
O, concentration at which microorganisms can respire aerobically was shown to be
orders of magnitude lower than previously reported?.

Optodes, which are an optics-based technology, pair O, measurement with quenching of
fluorescence from indicator molecules and are also being used to expand our view of the
microoxic world. Less fragile than microelectrodes, optodes provide stable and specific
measurements when imbedded in optic fibres to form probes or when attached to planar
surfaces®®9, They can provide sensitive and accurate measurements of O, gradients,
which can be particularly useful for determining the rates of oxygen consumption in
microoxic environments. This strategy was used recently in the discovery of the
remarkably slow rates of respiration occurring for tens of metres into deep-sea
sediments0,

In addition to measuring O, concentrations, these sensors provide a full two-dimensional
view of O, gradients in situ, as demonstrated when optodes were spin-coated onto
coverslips supporting the growth of biofilms4 and when the sensors were used at water—
sediment interfaces®S.
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Figure 1. The distribution of terminal oxidases in bacterial genomes linked to physiological
groups of microorganisms and their distribution in an O, gradient
Relationships between the occurrence of high- and low-affinity terminal oxidases in
bacterial genomes, bacterial groups named according to their response to O, (TABLE 1),
and the environments in which each group of bacteria can be found. The pie chart shows the
percentage of bacterial species in which our analysis detected genes encoding the various

oxidases. Microaerobes are defined genomically by the presence of a high-affinity

cytochrome oxidase, either alone or in combination with a low-affinity oxidase, and
encompass bacterial groups that can be found in the entire range of O, concentrations which
occur in nature. Organisms with only low-affinity oxidases are classed as aerobes and are
found only in oxic environments. Anaerobes encode no oxidases and are found in anoxic
environments. The red line depicts an O, gradient, decreasing from top to bottom.
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Figure 2. Distribution of terminal oxidase genes in shotgun metagenomes

An average genome is an estimate based on the mean of the normalized gene lengths of four
bacterial housekeeping genes (the RNA polymerase genes rpoA, rpoB and rpoC, and the
recombinase gene recA) from each metagenome. Metagenomes from various environments
were included, for comparison. See Supplementary information S2,S3 (box; table) for a
detailed description of this analysis. HCOs, haem-copper oxidases.
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Figure 3. Distribution of high-affinity terminal oxidase genes across terrestrial landscapes
following release of the land from agriculture

Agriculture (AG) plots were used for traditional row crop agriculture at the time of
sampling, early successional (ES) plots were released from agricultural use 20 years before
our sampling, successional forest (SF) plots were released from agriculture 40-60 years
prior to sampling, and deciduous forest (DF) plots were never disrupted for agriculture.
Error bars show standard error of the mean.
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Table 2

Bacterial oxidases that use O, as a terminal electron acceptor
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Low-affinity terminal oxidases  High-affinity terminal oxidases

cytochrome bos oxidase

Family HCOs HCOs HCOs Cytochrome bd-type oxidases
Class A C B No class divisions
Representatives Cytochrome aag oxidase and Cytochrome cbb; oxidase ~ Cytochrome bag oxidase ~ Cytochrome bd oxidase

Catalytic subunits”  CtaD or CyoB FixN (also known as ChaA
CcoN in some species)

CydA

Ko 200 nM (REF. 33) 7 nM (REF. 47) NA

3-8 nM (REF. 34)

H* pump Yes Yes Yes

No

HCOs, haem-copper oxidases; Km, Michaelis constant. NA, not available.

*
The catalytic subunits listed are those responsible for the transfer of electrons to O2.
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