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Beyond carbon and nitrogen: how the
microbial energy economy couples
elemental cycles in diverse ecosystems
Amy J Burgin1*, Wendy H Yang2, Stephen K Hamilton3, and Whendee L Silver2
Microbial metabolism couples elemental reactions, driving biogeochemical cycles. Assimilatory coupling of elemental cycles, such as the carbon (C), nitrogen (N), and phosphorus cycles, occurs when these elements are
incorporated into biomass or released through its decomposition. In addition, many microbes are capable of
dissimilatory coupling, catalyzing energy-releasing reactions linked to transformations in the oxidation state of
elements, and releasing the transformed elements to the environment. Different inorganic elements provide
varying amounts of energy yield, and the interaction of these processes creates a microbial energy economy.
Dissimilatory reactions involving C, N, iron, and sulfur provide particularly important examples where microbially mediated oxidation–reduction (redox) transformations affect nutrient availability for net primary production, greenhouse-gas emissions, levels of contaminants and natural toxic factors, and other ecosystem
dynamics. Recent discoveries of previously unrecognized microbial dissimilatory processes are leading to reevaluation of traditional perceptions of biogeochemical cycles.
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ll organisms have to make a living by harnessing
energy, collecting nutrients, and expelling waste.
The joining together, or coupling, of elemental cycles
occurs when elements required for biosynthesis are assimilated into microbial, plant, and animal biomass, and again
when that biomass is decomposed; in both cases, elements
cycle in proportion to their abundance in the food consumed and the biomass produced. Carbon (C), nitrogen
(N), and phosphorus (P) provide well-studied examples of
this “assimilatory” coupling, which is the focus of a body
of theory known as ecological stoichiometry (Sterner and

In a nutshell:
• Oxidation–reduction (redox) reactions associated with microbial metabolism couple inorganic element transformations to
the release of energy
• Direct couplings via dissimilatory pathways include microbially
mediated oxidation and reduction of iron, manganese, sulfur,
and nitrogen through metabolic processes that only microbes
can perform
• Indirect coupling occurs when the products of dissimilatory
transformations react in the environment to affect the cycling
of other elements, such as when oxidized iron binds phosphorus
in soils or sediments to control phosphorus availability
• Recently discovered microbial processes provide the foundation
for previously unrecognized linkages in biogeochemical cycles

Elser 2002). Prokaryotic microbes also assimilate these
elements into biomass, but the microbial world includes
diverse additional metabolic pathways, many of which
strongly influence biogeochemical cycles (Falkowski et al.
2008). Organisms can be classified according to their
sources of energy; the metabolic diversity of microbes far
exceeds that of plants and animals (Figure 1).
Biogeochemists are particularly interested in certain groups
of microbes that couple elemental cycles via their energy
metabolism, mediating oxidation–reduction (redox) reactions and releasing the transformed products into the environment in processes known as “dissimilatory transformations”. Two distinct classes of dissimilatory transformations
are (1) the anaerobic respiration of organic matter (a heterotrophic metabolism in which inorganic substances serve as
electron acceptors), and (2) lithotrophic (rock eating) oxidation of inorganic substances to obtain energy (Figure 1). With
a little insight into these metabolic pathways, biogeochemists
can often observe the products of dissimilatory transformations in nature (Figure 2). Given the critical importance of
microbes in coupling biogeochemical cycles, our goals are to
(1) explain how redox chemistry related to microbial metabolism creates a microbial energy economy, (2) describe examples of the diverse ways in which microbial metabolic reactions couple biogeochemical cycles, both directly and
indirectly, and (3) highlight areas of needed research on these
topics across aquatic and terrestrial ecosystems.
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The microbial energy economy

The microbial energy economy refers to the many metabolic
pathways that microbes use to harness energy (Figure 1).
Like any economy, the microbial energy economy is built
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from raw materials from which goods and
All organisms
services are produced. The raw materials
Chemical energy
Light energy
– various dissolved chemicals, gases, and
sunlight – are resources microbes can
exploit. These resources are converted
Chemotroph
Phototroph
into biomolecules, such as enzymes and
(Photoautotroph)
Organic energy Inorganic energy
green plants,
nucleic acids. Biomolecules can then be
algae,
used for services, such as energy generaphototrophic
Heterotroph
tion, growth, and reproduction. We will
cyanobacteria
Lithotroph
(Organotroph)
(Chemolithotroph)
focus on how microbes combine different
nitrifiers,
raw materials (resources) to mediate
iron oxidizers,
Anaerobic Aerobic
sulfur oxidizers,
reactions that produce energy (services).
methanotrophs,
The metaphor of an economy is apt
anammox bacteria
because it suggests a diversity of interactAerobic
Anaerobic
respiration:
ing and potentially competing players (ie
respiration by
bacteria:
animals,
the microbial assemblage), and similar to
most bacteria,
denitrifiers,
the conventional sense of an economy,
fungi
iron reducers,
sulfate reducers
some metabolic pathways are energetically more valuable than others, which
confers competitive advantages. In this Figure 1. Classification of organisms based on their primary source of energy reveals the
energy economy, microbes couple ele- metabolic diversity of microbes as compared with that of higher plants and animals. Other
mental cycles directly through their forms of anaerobic microbial metabolism (eg fermentation) exist but are not included here.
metabolism, or indirectly through the
reaction of the products of dissimilatory transformations, the membrane chain, the electrons are transferred to the
which can then affect other biogeochemical cycles. To terminal electron acceptor, which is then reduced (eg
understand these interactions, however, we must first elabo- Fe[III] → Fe[II] in Figure 3b).
“Redox potential” (also known as “reduction potential”
rate on the concept of redox chemistry and how it relates to
microbial metabolism.
Redox reactions are chemical reactions in
which atoms change their oxidation state. In its
simplest sense, oxidation occurs when a molecule, atom, or ion loses electrons, and reduction
occurs when such units or particles gain electrons (Figure 3a). Because electrons cannot exist
freely, every oxidation must be accompanied by
(b) (c)
a reduction, with the two parts of the overall (a)
reaction called “half reactions”. Many redox
reactions can occur abiotically, but they take
place much faster when catalyzed by enzymes.
Enzymes do not alter whether a reaction is thermodynamically favorable (which cannot be
done), but they increase the speed of a reaction.
(d)
(e)
Microbes catalyze redox reactions to release
energy. This energy is subsequently captured in Figure 2. Evidence of microbial biogeochemistry is ubiquitous: (a) footprints in
biomolecules, including adenosine triphos- an Australian salt marsh reveal a layer of black iron sulfide minerals below the
phate (ATP), the energy currency of life. oxidized iron upper layer, with a manganese sheen nearby; (b) iron oxides (rustElectrons from the electron donor are shuttled colored flakes, or floc, underwater) and sulfur-oxidizing bacteria (white material
onto electron transport chains contained on vertical face) in an area of groundwater seepage out of a freshwater wetland
within a cell’s membrane (Figure 3b). As the in Brisbane, Australia; (c) a carbonate-depositing spring along the Colorado
electrons move through the chain, protons River in the Grand Canyon, Arizona, where groundwater brings solutes from
(H+, originating from water) are pumped out of deep magmatic sources, showing iron oxide staining; (d) filamentous sulfur
the cell, thereby creating an electrochemical bacteria growing in a stream in Massachusetts appear white because they deposit
gradient that effectively charges the cell like a elemental sulfur intracellularly; and (e) a cross section of a wet soil core (from a
battery. This charge provides the power to fuel high marsh soil in Tomales Bay, California) 5 cm in diameter exposed to
ATP synthesis via the class of enzymes called ambient oxygen conditions shows a rust-colored outer layer, reflecting oxidized
adenosine triphosphatases (ATPases; White iron, and a distinct gleyed (grayish) center, reflecting reduced iron minerals
2000). After completing the course through where oxygen demand exceeds diffusive oxygen resupply.
© The Ecological Society of America
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conduct anaerobic respiration using a variety of chemicals as alternative electron
acceptors for the oxidation of organic matReduced
e– acceptor
ter (White 2000; Megonigal et al. 2004;
–
product
(gains e )
Fe(III)
Fe(II)
Madsen 2008; Figure 1). Electron accepe–
tors yield differing amounts of energy in
–
e
redox reactions (Figure 3c). The energy
yield depends on environmental pH,
–
Oxidized
e donor
CO2
Organic C
which means that a given redox reaction
–
product
(loses e )
can be thermodynamically favorable (ie
likely to occur) in one environment but
(b) Biochemical redox = coupling e– movement to energy storage
not in another. Typically, the most energy
Fe(III)
Fe(II)
Outside cell
is generated from respiration supported by
O2 as the electron acceptor, followed by
Fe(III) e–
reductase
nitrate (NO3–), ferric iron (Fe[III]), and
+
+
H
H
sulfate (SO42−), with the latter two
H+
H+
processes conducted by specialized microH+
Periplasm
H+
bial groups. Methanogenesis – a distinctive
form of metabolism carried out only by cer–
–
–
–
Inside cell OH
OH
e
e
H+
H+
tain members of the domain Archaea –
ADP
ATP
becomes the predominant form of anaero–
Organic
OH
CO2
bic heterotrophic metabolism when these
carbon
alternative electron acceptors are depleted.
(c) Biogeochemical redox = the energy economy
Thus, putting Figure 3 together, we see
that (Figure 3a) chemical redox reactions
can be (Figure 3b) exploited by cells to
O2
H2O
NO3– N2
Fe(III) Fe(II)
SO42– H2S
capture energy; the efficiency of energy
capture varies, based on which oxidants
(electron acceptors) are available (Figure
Organic C CO2
Org C
CO2
Org C
CO2
Org C
CO2
3c). The efficiency of energy yield influences the outcome of competition among
microbes, with the more energetically
Decreasing energy yield
favorable processes tending to prevail as
Figure 3. Redox reactions are fundamental to biological energy metabolism: (a) long as the supply of electron acceptors for
schematic of coupled redox half-reactions and anaerobic respiration coupled to iron those processes is not exhausted.
reduction as an example. (b) Biochemical coupling of proton (H+) and electron
The availability of electron donors and
transport from organic carbon across the cell membrane to yield reduced iron, in acceptors to microbes is influenced by
this example portraying Thiobacillus ferrooxidans. ADP = adenosine diphos- biotic and abiotic factors, including: (1)
phate, a precursor to adenosine triphosphate (ATP) (modified from Weber et al. the geologic characteristics of the soil; (2)
2006a). (c) The sequentially decreasing energy yield of potential terminal- past and present primary productivity,
electron-accepting processes dictates the outcome of competition among microbes which influences the amounts of organic
that conduct anaerobic respiration.
C; and (3) pH, which is influenced by mineral weathering, organic and mineral acids,
or “oxidation–reduction potential”) describes whether an and dissolved carbon dioxide (CO2). Along with myriad
environment is relatively oxidizing or reducing, and gives other processes, microbial metabolism both produces and
an indication of what thermodynamic reactions occur consumes acids and hence affects pH. Gradients of electherein. Scientists often refer to certain environments as tron-acceptor availability can be found in aquatic and terexhibiting “reducing” conditions, where oxygen (O2) is restrial ecosystems, including lakes (Figure 4a), sediments
absent and reduced substances are abundant (eg sedi- (Figure 4b), and soil aggregates (Figure 4c), and these graments in wetlands), and others as having “oxidizing” con- dients occur over vastly different spatial scales (Fenchel et
ditions (eg well-drained soils with O2 in the pore spaces). al. 1998). Microscale variability of electron donors and
acceptors is probably more marked in unsaturated soils,
where uniform water distribution is not as effective as a
Anaerobic
respiration
as
a
source
of
reduced
n
homogenizing factor and soil aggregation can create hetsubstances
erogeneity in redox zones; the potential importance of
Unlike most other forms of life, certain heterotrophic such variability for microbial redox reactions is not well
microbes are not limited to aerobic respiration but can understood (Sexstone et al. 1985).
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(a) Lake water column
(b) Water–sediment interface
In the biosphere as a whole, most of
0
m
Spring
the production and decomposition of
0 cm
organic matter occurs via aerobic
processes and is conducted by photoautotrophs and chemoheterotrophs
(Figure 1). Why then do biogeochemists
devote so much attention to microbial
processes that occur in the absence of
Fe(III), NO , SO , O
10 m
O2? One reason is that anaerobic
10 cm
Relative
concentration
decomposition is crucial in removing
organic matter and regenerating avail(c) Individual soil aggregates
Summer
0 mm
able nutrients; without it, environments
prone to anaerobic conditions, including lakes, oceans, and water-saturated
soils, would fill in with incompletely
decomposed biomass, and nutrients
would be locked up in those organic
pools. Over shorter time scales, the
inorganic redox reactions associated
10 mm
Saturated
Unsaturated
with these dissimilatory transformations
consume or produce highly reactive substances and thereby alter the environ- Figure 4. Examples of how redox stratification can develop (a) over the course of the
ment in which they are produced. For summer in a stratified water column of a lake, (b) in the first few millimeters of
example, anaerobic respiration based on sediments below the sediment–water interface in oxic waters, and (c) within soil
NO3− reduction to dinitrogen (N2; deni- aggregates that have high water content or high biological oxygen demand, making them
trification) is the most important sink anoxic in the interior, despite an oxic soil atmosphere on the outside. The colored lines
(removal process) for reactive N, help- correspond to the molecule of the same color (eg green for NO3−) with concentration
ing to remove excess NO3− resulting increasing along the arrow in (a) and (b), and increasing with color intensity
from human activities (Seitzinger et al. (increasing trends toward the red-orange end of the spectrum) in (c).
2006). However, anaerobic respiration
based on NO3− reduction also produces nitrous oxide 1999). Biological O2 demand can exceed the rate of
(N2O), a catalyst for stratospheric ozone depletion and a resupply via diffusion, particularly in finely textured or
potent greenhouse gas (Conrad 1996). Iron reduction liber- organic soils, resulting in anaerobic hotspots or events.
ates elements associated with oxidized Fe minerals, includ- The prevalence of anaerobic processes, such as denitrifiing P (Chacon et al. 2006; Liptzin and Silver 2009) and cation and methanogenesis, in upland ecosystems is evitrace metals such as arsenic, and produces highly mobile dence of low redox microsites or events (Conrad 1996).
dissolved Fe(II) that can be transported by water and even- Unlike that in wetlands and water columns, redox in
tually oxidized in distant locations (Megonigal et al. 2004; upland soils often varies considerably over much smaller
Figure 2). Sulfate reduction yields sulfide (free sulfide occurs spatial scales (Figure 4) and fluctuates on short temporal
mainly as H2S or HS−, depending on pH, but is hereafter scales of hours to days (Silver et al. 1999; Schuur and
referred to as H2S), a toxic substance that limits life in sedi- Matson 2001). These fluctuations can facilitate rapid
ments and reacts readily with metals, including Fe (Wang redox cycling and consequent coupling of biogeochemiand Chapman 1999).
cal cycles. For example, in highly weathered humid tropiThe redox reactions that we describe here are prevalent cal forest soils, episodic rainfall is associated with high
in anoxic waters and sediments as well as at their inter- biological activity that depletes O2, reduces Fe, and
faces with oxic (oxygenated) waters, but they are also sur- releases CO2 and P (Chacon et al. 2006; Liptzin and
prisingly important in environments that are not consid- Silver 2009). In upland tropical forest soils, Fe reduction
ered depleted in O2. Wetland soils have well-described has been shown to account for over 50% of total soil respatterns in redox potential, varying in time (seasonally, piration (Dubinsky et al. 2010). Iron can later be reepisodically, or with tidal regimes) and space (vertically oxidized under anaerobic conditions when coupled to
with depth, and horizontally resulting from flooding pat- nitrite (NO2−) or NO3− reduction (Weber et al. 2006b) or
terns). Although upland soils are less likely to experience under aerobic conditions, regenerating oxidized Fe to susinundation, they also exhibit temporal and spatial varia- tain Fe reduction (see Panel 1).
So far we have emphasized dissimilatory transformation in redox potential. In upland soils, redox fluctuations
are driven by the interplay between biology and physics, tions linked to heterotrophic metabolism in which
with aerobic respiration by plants and microbes con- organic C is the electron donor or energy source (Figure
strained by O2 diffusion from the surface (Silver et al. 1; see also Figure 3c). Dissimilatory transformations
–
3
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Panel 1: The ferrous wheel
Oxic

Iron is the most abundant redox-active metal on Earth, and Fe
H2O
Lithotrophic
O2
redox dynamics have the potential to catalyze many biogeochemiFe(II) oxidation
with O2
cal reactions in marine, freshwater, and soil environments. Iron
often rapidly cycles between redox states (Fe[II] reduced; Fe[III]
NO
NO , N O, N , NH
oxidized) because microorganisms use it as an electron acceptor
or donor, and it also reacts abiotically with minerals and organic
matter. Iron reduction can be facilitated by humic substances that
Lithotrophic
Fe(II) oxidation
act as “electron shuttles”, kinetic intermediates that facilitate
with NO3–
extracellular electron transport, which are particularly important
Fe(II)
Fe(III)
in the reduction of insoluble iron oxides (Lovley et al. 1996).
Reduced Fe can then be reoxidized in contact with O2 or anaerobically via a range of coupled biogeochemical processes (Weber et
al. 2006a). Thus, Fe cycling serves as a perpetual motion engine, a
ferrous wheel (Figure 5).
Organic carbon, H2 CO2, H2O
One hypothesized reaction involving Fe has fueled considerable
−
recent controversy: the abiotic reduction of NO3 to dissolved
organic nitrogen in soils. The debate arose from observed total N Figure 5. Depiction of the ferrous wheel.
retention (Nadelhoffer et al. 1999) coupled with the rapid disappearance of NO3− (sensu Berntson and Aber 2000; Perakis and Hedin 2001; Dail et al. 2001; Huygens et al. 2008) in soils exposed to
simulated N deposition. Davidson et al. (2003) hypothesized that Fe(II) oxidation catalyzes NO3− reduction in anaerobic microsites in
soils, and that the resulting NO2− reacts abiotically with dissolved organic matter to form dissolved organic N. Colman et al. (2007)
tested the hypothesis of Davidson et al. (2003) using 45 soil samples from a wide range of ecosystems. They found that apparent abiotic
NO3− immobilization could be explained by an analytical artifact of Fe interference with the measurement of NO3− concentrations.
Despite a fascinating debate that ensued in the literature (Colman et al. 2008; Davidson et al. 2008), including additional indirect evidence purporting abiotic NO3− removal, there remains little direct evidence of substantial abiotic NO3− conversion to dissolved organic
N in soils (Schmidt and Matzner 2009).
–
2

2

2

+
4

Anoxic

–
3

resulting from chemolithotrophic (rock eating) metabolism also affect biogeochemical cycles. The remainder of
this paper describes ecologically important examples in
which microbial metabolism couples elemental cycles
directly through chemolithotrophic metabolism and indirectly through the production of reactive substances of
both oxidized and reduced states.

n Chemolithotrophy: capturing the energy in
reduced inorganic substances

N

n
Nitroge

14.007

Chemolithotrophic processes are of particular interest
because they couple elemental cycles very differently from
the traditionally considered C couplings dictated by heterotrophic reactions (Schlesinger et al. 2011). Chemolithotrophs oxidize inorganic substances to obtain and
store energy (Figure 1); in doing so, often they function to
re-oxidize the reduced substances generated by anaerobic
respiration (they may also utilize reduced substances of
geological origin, such as those in hot springs). Some of
the best characterized chemolithotrophic pathways are
aerobic reactions in which microbes use O2 to oxidize
reduced forms of N (ammonium, NH4+, and NO2−), Fe
(Fe[II]), and S (H2S and elemental sulfur, S0), yielding
NO3−, Fe(III), and SO42−, respectively. These chemolithotrophic microbes typically grow at redox interfaces
where anoxic water or soil aggregates containing reduced
substances contact O2 via water flow or molecular diffuwww.frontiersinecology.org

sion (eg groundwater springs, deep-sea hydrothermal
vents, anoxic–oxic interfaces in water columns or soils,
and sediment surfaces). Chemolithotrophy is not supported only by O2, but can also be supported by alternative
oxidizing agents (ie several forms of chemolithotrophic
metabolism are anaerobic).
Sulfur-oxidizing bacteria can use NO3− rather than O2
as an electron acceptor, effectively decoupling N cycling
processes, such as denitrification, from organic C respiration and linking them instead to S cycling (Burgin and
Hamilton 2007). A spectacular example is the discovery
in the 1990s of vast mats of benthic, S-oxidizing bacteria
in continental shelf sediments (Fossing et al. 1995). A
distinguishing feature of these bacteria is their gliding
motility, which enables them to capture and store NO3−
in overlying water and subsequently use the stored NO3−
to oxidize H2S obtained at greater depth in the sediments,
potentially subsisting for weeks on stored NO3− (Schulz
and Jørgensen 2001). In this ecosystem, S is arguably
more important than organic C as the proximate factor
influencing N dynamics, although the reduced S commonly originates from organic matter degradation.
Although this coupling of the S and N cycles has been
recognized in marine systems (Brettar and Rheinheimer
1991; Brunet and Garcia-Gil 1996), S concentrations in
freshwater systems are thought to be too low to drive a
substantial fraction of N cycling. There is, however,
increasing evidence of freshwater S-driven NO3− reduc© The Ecological Society of America
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tion; for example, we found that in Michigan wetlands
and lakes (Payne et al. 2009), 10–40% of NO3− removal
can be attributed to S oxidation (Burgin and Hamilton
2008). These recent studies show that S and N cycling
can be coupled in freshwater and marine ecosystems, but
more research is needed to verify its importance relative
to other processes and controls (eg C). Furthermore, this
link has scarcely been explored in terrestrial ecosystems.
Iron-oxidizing bacteria can also use NO3− as an electron
acceptor. For example, dissimilatory NO3− reduction to
NH4+ (DNRA) can be coupled to anaerobic Fe oxidation
to influence ecosystem N cycling (Weber et al. 2006b).
More importantly, this link between N and Fe cycling
allows regeneration of oxidized Fe to perpetuate Fe
cycling under prolonged anoxic conditions. This concept
is elaborated further in Panel 1.
The discovery of anaerobic ammonium (NH4+) oxidation (anammox) coupled to NO2− reduction in the environment has transformed our concept of N cycling
because, unlike nitrification–denitrification, anammox
provides a pathway for reactive forms of N to be converted to the unreactive form of N2 without the potential
for groundwater pollution through NO3− leaching or the
release of N2O and nitric oxide. Ammonium oxidation
was once thought to be a strictly aerobic chemolithotrophic process (known as nitrification). In 1977, anammox was calculated to be energetically favorable (Broda
1977; Kuenen 2008), but only in the 1990s did new tools,
including molecular markers and stable isotope measurements, help confirm that it does occur in nature (Kuenen
2008). Anammox might account for 50–70% of the
marine N2 production previously attributed entirely to
denitrification (Thamdrup and Dalsgaard 2002;
Dalsgaard et al. 2005), but it is not always an important
N2 production pathway relative to denitrification (Ward
et al. 2009). The past decade of anammox research has
focused on quantifying anammox rates in a range of
ecosystems to determine where the process occurs naturally. Now that anammox has been demonstrated in a
wide range of aquatic ecosystems (Jetten et al. 2009),
researchers can move toward understanding what factors
control the relative importance of anammox and denitrification as N2 production pathways in these ecosystems.
However, in terrestrial ecosystems, conclusive detection
of anammox activity has yet to be documented, despite
molecular evidence for the presence of anammox bacteria
in diverse soils (Humbert et al. 2010).
Theoretically, anaerobic NH4+ oxidation can also be
coupled to manganese (Mn) and Fe reduction to produce
NO2− or N2 directly, but these pathways have not been
quantified in nature (Luther et al. 1997; Hulth et al.
1999). The Mn-associated pathway is more energetically
favorable than the Fe-associated pathway (Feammox),
but the greater abundance of Fe in many soils suggests
that Feammox has the potential to drive substantial terrestrial N cycling, particularly where soils (and aquatic
sediments) experience periodic anoxia. A major chal© The Ecological Society of America
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lenge in detecting Feammox is distinguishing it from
nitrification (in soils where O2 can be relatively abundant) and anammox (in anoxic soils and sediments).
Nitrite production has been observed under Fe-reducing
conditions in wetland sediments and wastewater reactors
(Clement et al. 2005; Sawayama 2006; Chen et al. 2008;
Shrestha et al. 2009), suggesting that Feammox does
occur. However, no evidence of N2 production via
Feammox has been reported. This is a very new topic in
coupled biogeochemical cycles, so continued efforts to
quantify Feammox may yield exciting new insights into
aquatic and terrestrial N cycling.
Anaerobic oxidation of methane (CH4) coupled to
SO42− reduction is poorly understood but currently
thought to be a predominantly marine process and one
that plays a critical role in global C cycling, potentially
consuming 7–25% of globally produced CH4 (Knittel and
Boetius 2009). Methanotrophs are chemolithotrophic
microbes that oxidize CH4 to obtain energy, using either
O2 or SO42− as electron acceptors. Anaerobic methane
oxidation was originally assumed to be important mostly
in the oceanic CH4–SO42− transition zone, where
methane from lower anoxic zones encounters SO42− from
upper oxic zones (Reeburgh 2007). However, recent studies have revealed anaerobic CH4 oxidation coupled to
NO2– reduction (Raghoebarsing et al. 2006) and Mn and
Fe reduction (Beal et al. 2009). These findings imply that
anaerobic CH4 oxidation could be important outside of
the oceanic CH4–SO42− transition zone and could couple
CH4 oxidation with many different biogeochemical
cycles. In addition, this suggests that the importance of
anaerobic CH4 oxidation should be explored in terrestrial
ecosystems as well.
Chemolithotrophic microbes can exist in mutualistic
relationships with more complex organisms, where the
energy harnessed in chemical oxidation reactions benefits both partners. For example, in submarine hydrothermal vents, efflux of H2S- and CH4-rich water allows Soxidizers and methanotrophs to flourish. These microbes
occur both as free-living organisms and in mutualisms,
where they reduce inorganic C to organic forms that support heterotrophic macrofauna like tube worms, mussels,
and clams (Martin et al. 2008). Hydrothermal vents support entire food webs, which thrive in the absence of sunlight as an energy source. Work on vent field symbioses
has led to an increased recognition of the role of
chemolithotrophic symbioses in more widespread environments (Dubilier et al. 2008) and has also provided
clues to the metabolic processes of Earth’s earliest life
forms that preceded the development of an oxidized
atmosphere (Martin et al. 2008).
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Indirect coupling of elemental cycles

In considering direct coupling of biogeochemical cycles,
we focused on examples of transformations catalyzed by
one specific microbe through its chemolithotrophic
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(Madigan and Martinko 2006). Syntrophic
interactions, however, can also couple other elemental cycles. For example, Boetius et al. (2000)
Flooded–oxic
identified a consortium of methanogens in
Loss of P binding
Flooded–hypoxic
marine sediments that occurred in microscopic
capacity
clusters surrounded by sulfate reducers, effecFlooded–anoxic
tively interacting to couple the C and S cycles
FeSx oxidation to
through the anaerobic oxidation of methane.
FeSx precipitation
2–
Fe(III) and SO4
Similarly, Raghoebarsing et al. (2006) found a
2–
SO4 , acidity
consortium of methanogens and denitrifiers that
2–
SO4 reduction to
could also oxidize CH4 anaerobically, thereby
Trace metal
sulfide
mobilization, Al
coupling the C and N cycles. The potential
Fe(III)-P
toxicity
complexity of interspecies metabolic coupling is
binding
Fe reduction,
exemplified by a report that certain anaerobic
P
release of Fe(II)
limitation
Denitrimethane oxidizers can fix N and share it with
and bound P
fication
their SO42−-reducing counterparts, thus couof NO3–
pling the S cycle with cycles of C and N (Dekas
et al. 2009). These examples emphasize that
Reversible P
microbial consortia are capable of coupling elebinding
mental cycles. Because many of the findings are
Figure 6. Hypothetical cycle of microbial Fe and S transformations and their so new, however, we know little about the
implications for P availability in an aquatic environment subject to ecosystem-level importance of the processes.
fluctuations in water levels and periodic drying of sediments. Under dry or
In syntrophy, microbes couple elemental
oxic flooded conditions, Fe(II) is oxidized to yield iron oxyhydroxides cycles via their close spatial proximity
(FeOOH, a form of Fe[III]), which strongly bind P. During inundation, (micrometers) and in rapid concurrent biooxygen (O2) and then nitrate (NO3−) eventually become depleted (via chemical reactions. Yet the effects of this coudenitrification with organic C, or another electron donor), and Fe(III) pling extend broadly over larger spatial and
reduction by anaerobic respiration produces Fe(II), releasing bound P to the temporal scales. This occurs when the dissimisediment pore water and overlying water column. After oxidized Fe is latory transformations mediated by microbes
depleted, sulfate (SO42−) reduction commences (driven by organic C, or produce reactive substances that in turn trigger
another electron donor), and the resultant H2S precipitates with Fe(II) in the a complex cascade of biogeochemical reacsediments. The Fe-S minerals (FeS and FeS2: here called FeSx) tend to be tions, thereby indirectly affecting other elestable until the sediments dry out, upon which oxidation can occur, mediated mental cycles. A hypothetical example of a
by chemolithotrophs when nitrate is available. Resultant production of SO42− wetland that dries periodically (Figure 6) illusand increased acidity can mobilize trace metals and, if pH decreases enough, trates the complexity of indirect biogeochemigenerate toxic forms of aluminum (Al).
cal coupling over larger space and time scales.
Wetland sediments tend to be anoxic because
metabolism. However, microbes live in close proximity, of their high biological O2 demand and limited diffusive O2
often under variable conditions, and the metabolic capa- replacement, and over time they may accumulate reduced
bility of a particular microbe can depend on other organ- Fe compounds. When such wetland soils are drained and
isms with different metabolic capabilities. Microbial ecol- oxidized, Fe oxidizers produce poorly crystalline Fe oxyhyogists use the term “syntrophy” to describe interdependent droxides (denoted as FeOOH). These minerals can accumicrobial metabolism (Madigan and Martinko 2006; mulate, binding trace metals and P, and can be the main
Knittel and Boetius 2009). In syntrophic interactions, one sink for P in soils and aquatic sediments, thereby regulating
species produces a product needed for the metabolic productivity in many lakes and wetlands (Smolders et al.
processes of another species. In some cases the consump- 2006) and in highly weathered, Fe-rich soils (Sánchez
tion of that product may favor its producer; therefore, 1976). Yet once these sediments or soils become anoxic, Fe
through linked metabolic transformations, both can coex- reducers can carry out anaerobic respiration until the supply
of Fe is depleted. After that point, SO42− reduction may
ist and in effect cooperate to mutual benefit.
The fermentation reactions that occur during anaerobic become the predominant form of anaerobic respiration,
decomposition of organic matter provide the most well- generating H2S. Reduced forms of Fe react with H2S to
known examples of syntrophic metabolism by microbial yield relatively insoluble iron sulfide minerals (FeSx;
consortia. Complex organic compounds are subject to Rickard and Morse 2005); in aquatic sediments, this FeSx
sequential hydrolysis and fermentation by distinct groups formation is often a semi-permanent sink for both elements
and, ultimately, to anaerobic respiration or methanogenesis, and can further release bound P. However, the eventual oxiwith the entire process dependent on linked production dation of these FeSx minerals upon desiccation or drainage
and consumption of hydrogen (H2) by different microbes of sediments can produce a pulse of sulfuric acid that lowers
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the pH of the sediments enough to enhance mineral weathering and mobilize trace metals, including potentially toxic
forms of aluminum (Al). Sulfur-linked production of acidity
and mobilization of toxic metals such as Al have been
documented in tropical catchments of northern Australia,
where this has been associated with freshwater fish kills
(Hart and McKelvie 1986), as well as negative impacts on
coastal marine biota where rivers drain into the Great
Barrier Reef ecosystem (Powell and Martens 2004).

n Conclusions and research needs
Microbes couple elemental cycles, both directly and indirectly, through their metabolic functions, thereby creating
the foundation of what we know as biogeochemical cycles.
Dissimilatory transformations of elements by microbes couple biogeochemical cycling beyond the tightly linked
assimilation and remineralization of C, N, and P that are
typically considered as coupled biogeochemical cycles.
Through microbial metabolism based on redox reactions
and syntrophic interactions, the Mn, Fe, and S cycles can
influence N, C, and P cycling and indirectly regulate nutrient availability for net primary production, greenhouse-gas
emissions, levels of contaminants, and natural toxins.
Over the past two decades, technological and methodological advances have increasingly allowed researchers to
detect novel chemolithotrophic processes in nature, such
as Feammox, anammox, S-driven denitrification, and
anaerobic CH4 oxidation; these findings have changed our
understanding of how biogeochemical cycles are linked.
Most of these pathways have not yet been detected in terrestrial ecosystems, despite thermodynamically favorable
conditions for the reactions to occur. Future work on these
processes should focus on quantifying rates and determining controls to understand the importance of these pathways in the biogeochemical cycles of terrestrial and aquatic
ecosystems. Additionally, scientists should consider how
these linkages will be affected by the escalating, simultaneous anthropogenic perturbation of multiple biogeochemical cycles, including C via fossil-fuel combustion, S via
coal burning and acid deposition, and N via fertilizer production and agricultural practices. Furthermore, some of
these novel microbial processes may prove to be tremendously valuable in bioreactor systems engineered to produce biofuels or to process wastes, as exemplified by the
high level of interest in industrial-scale anammox bioreactors (Kuenen 2008). As biogeochemical and molecular
biology techniques improve, more links among the major
elemental cycles will likely be discovered, which will
improve our appreciation of the diversity of microbes and
metabolic pathways that mediate these links.
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